Deposition of Sediment and Development of Secondary Structures in the Wildhorse Mountain Formation (Pennsylvanian) Near Big Cedar, Oklahoma. by Lopiccolo, Robert David
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1977
Deposition of Sediment and Development of
Secondary Structures in the Wildhorse Mountain
Formation (Pennsylvanian) Near Big Cedar,
Oklahoma.
Robert David Lopiccolo
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Lopiccolo, Robert David, "Deposition of Sediment and Development of Secondary Structures in the Wildhorse Mountain Formation
(Pennsylvanian) Near Big Cedar, Oklahoma." (1977). LSU Historical Dissertations and Theses. 3074.
https://digitalcommons.lsu.edu/gradschool_disstheses/3074
INFORMATION TO USERS
This material was produced from a microfilm copy of the original document. While 
the most advanced technological means to  photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the original 
submitted.
The following explanation of techniques is provided to help you understand 
markings or patterns which may appear on this reproduction.
1.The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to  obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting thru an image and duplicating adjacent 
pages to insure you complete continuity.
2. When an image on the film is obliterated with a large round black mark, it 
is an indication that the photographer suspected that the copy may have 
moved during exposure and thus cause a blurred image. You will find ja 
good image of the page in the adjacent frame.
3. When a map, drawing or chart, etc., was part of the material being 
photographed the photographer followed a definite method in 
"sectioning" the material. It is customary to  begin photoing at the upper 
left hand corner of a large sheet and to continue photoing from left to 
right in equal sections with a small overlap. If necessary, sectioning is 
continued again — beginning below the first row and continuing on until 
complete.
4. The majority of users indicate that the textual content is of greatest value, 
however, a somewhat higher quality reproduction could be made from 
"photographs" if essential to the understanding of the dissertation. Silver 
prints of "photographs" may be ordered at additional charge by writing 
the Order Department, giving the catalog number, title, author and 
specific pages you wish reproduced.
5. PLEASE NOTE: Some pages may have indistinct print. Filmed as 
received.
University Microfilms International
300 North Zeeb Road
Ann Arbor, Michigan 48106 USA
St. John's Road, Tyler’s Green
High Wycombe, Bucks, England HP10 8HR
77-25,391
LoPICCOLO, Robert David, 1947- 
DEPOSITION OF SEDIMENT AND DEVELOPMENT 
OF SECONDARY STRUCTURES IN THE WILDHORSE 
MOUNTAIN FORMATION (PENNSYLVANIAN) NEAR 
BIG CEDAR, OKLAHOMA.
The Louisiana State University and 
Agricultural and Mechanical College, 
Ph.D., 1977 
Geology
Xerox University Microfilms, Ann Arbor, Michigan 48106
D e p o s i t i o n  o f  S ed im en t and  Developm ent o f  
S econdary  S t r u c t u r e s  i n  t h e  W ild h o rse  
M ountain  F o rm a t io n  (P e n n s y lv a n ia n )  
N ear  B ig  C e d a r ,  Oklahoma
A D i s s e r t a t i o n
S u b m it te d  t o  t h e  G r a d u a te  F a c u l ty  o f  t h e  
L o u i s i a n a  S t a t e  U n i v e r s i t y  and 
A g r i c u l t u r a l  and M e c h a n ic a l  C o l le g e  
i n  p a r t i a l  f u l f i l l m e n t  o f  t h e  
r e q u i r e m e n t s  f o r  t h e  d e g re e  o f  
D o c to r  o f  P h i lo s o p h y
i n
The D e p a r tm e n t  o f  Geology
b y
R o b e r t  D av id  L o P ic c o lo  
B . S . ,  Ohio U n i v e r s i t y ,  1969 
M.A., W es te rn  M ich ig an  U n i v e r s i t y ,  1972 
May, 1977




R o b e r t  D avid L o P ic c o lo
G eology
D e p o s i t i o n  o f  S e d im e n t  a n d  D eve lopm ent o f  S e c o n d a ry  S t r u c t u r e s  i n  
t h e  W ild h o rse  M o u n ta in  F o r m a t io n  (P e n n s y lv a n ia n )  n e a r  B ig  C e d a r , 
O klahom a.
Approved:
jor Professor ansL/ChairmanMa fiXhair  
v Dean of the Gradi&te School
EXAMINING COMMITTEE:





Numerous p e o p le  c o n t r i b u t e d  b o th  d i r e c t l y  an d  i n d i r e c t l y  t o  t h e  
s u c c e s s f u l  p u r s u a n c e  o f  t h e  r e s e a r c h  d e s c r ib e d  h e r e i n .  T h i s  a s s i s t a n c e  
and  s u p p o r t  i s  g r a t e f u l l y  acknow ledged .
D r .  D onald  R. Lowe, A s s o c i a t e  P r o f e s s o r ,  D e p a r tm e n t  o f  G eology, 
s e r v e d  a s  co m m it tee  c h a i rm a n  and  gave  g e n e r o u s ly  o f  h i s  t i m e  and 
e x p e r i e n c e .  He s e r v e d  a s  c o - i n v e s t i g a t o r  i n  many a s p e c t s  o f  t h e  
r e s e a r c h  and c r i t i c a l l y  r e a d  t h e  m a n u s c r ip t ;  h i s  c o n t r i b u t i o n s  and 
e n t h u s i a s m  h a v e  h ad  an im m e a su re a b le  e f f e c t  and a r e  g r e a t l y  a p p r e c i a t e d .
D r .  J e f f r e y  S. H an o r ,  D r. P r e n t i s s  E. S c h i l l i n g ,  D r.  C lyde  H. Moore, 
D r. G eorge F .  H a r t  and  D r .  Ray E . F e r r e l l ,  J r . ,  s e r v e d  a s  members o f  t h e  
a d v i s o r y  c o m m ittee  and  r e v ie w e d  t h e  m a n u s c r ip t .  D r .  S te p h e n  G. F ra n k s  
a l s o  r e v ie w e d  t h e  m a n u s c r i p t .  T h e i r  s u g g e s t io n s  an d  t h e i r  t im e  and 
e f f o r t  a r e  much a p p r e c i a t e d .
M rs. K aren  P a r s o n s  and  t h e  a u t h o r ’ s w i f e ,  G a y le ,  t y p e d  t h e  p r e ­
l i m i n a r y  d r a f t s ,  o f t e n  u n d e r  p r e s s u r e  t o  meet d e a d l i n e s ;  t h e i r  w i l l i n g ­
n e s s  and  s k i l l  a r e  g r a t e f u l l y  acknow ledged . M rs. P a r s o n s  a b l y  p r e p a r e d  





LIST OF TABLES V
LIST OF FIGURES v i
LIST OF APPENDICES v i i i
ABSTRACT i x
INTRODUCTION 1
GENERAL GEOLOGY AND. GEOLOGIC HISTORY OF THE OUACHITA 2
MOUNTAINS
GENERAL SEDIMENTOLOGY AND STRATIGRAPHY OF THE JACKFORK 8
GROUP
N o m e n c la tu re  8
C h a r a c t e r i s t i c s  a n d  D i s t r i b u t i o n  10
S e d im e n to lo g y  11
STRATIGRAPHY OF THE WILDHORSE MOUNTAIN FORMATION IN THE 15
STUDY AREA
M easured S e c t i o n s  15
L i th o lo g y  19
S e d im e n ta ry  S t r u c t u r e s  22
P r im a ry  S t r u c t u r e s  22
S e c o n d a ry  S t r u c t u r e s  27
C o n v o lu te  L a m in a t io n s  27
S e c o n d a ry  L a m in a t io n s  .31
P i l l a r  S t r u c t u r e s  40
S o f t - S e d im e n t  F a u l t s  44
Bedding  T ypes  47
S t r a t i g r a p h i c  U n i t s  60
U n i t  1 60
U n i t  2 62
U n i t  3 62
U n i t  4 63
U n i t  5 63
U n i t  6 65
U n it  7 65
iii
Table of Contents - Continued.
Page
PROCESSES OF SEDIMENTATION 67
G e n e ra l  Remarks 67
S ed im en t G r a v i t y  Flows 67
F l u i d  T u rb u le n c e  D om inant 68
E x c e ss  P o r e - P r e s s u r e  Dom inant 69
G ra in  I n t e r a c t i o n s  D om inant 71
M a t r ix  S t r e n g t h  Dom inant 73
Slumps 74
D e p o s i t i o n  o f  Sed im ent i n  S tu d y  A rea  75
E n v iro n m e n ts  o f  D e p o s i t i o n  77
SECONDARY SEDIMENTARY STRUCTURES 86
P r o c e s s e s  86
F o rm a t io n  o f  S eco n d a ry  S t r u c t u r e s  87
C o n v o lu te  L a m in a t io n s  87









P i l l a r  S t r u c t u r e s  94
.S o f t -S e d im e n t  F a u l t s  97
S eq u en ce s  o f  F o rm a t io n  97
C o n t r o l s  on F o rm a t io n  100








T a b le  1 .  D e s c r i p t i v e  c l a s s i f i c a t i o n  o f  s e c o n d a ry  s t r u c -  28
t u r e s .
T a b le  2 .  S t r a t i g r a p h i c  u n i t s .  61
T a b le  3 .  P r o c e s s e s  o f  d e p o s i t i o n  i n  s t r a t i g r a p h i c  u n i t s .  78
T a b le  4 .  F a c i e s  c l a s s i f i c a t i o n  o f  W a lk e r  and M u t t i  80
(1973)  and c o m p ar iso n  o f  b e d d in g  t y p e s  w i th  
f a c i e s  c l a s s i f i c a t i o n .
T a b le  5 . E n v i ro n m e n ta l  i n t e r p r e t a t i o n  o f  W i ld h o r s e  81
M ountain  s e c t i o n .
T a b l e  6 .  A n a ly s i s  o f  v a r i a n c e  t a b l e  t e s t i n g  r e l a t i o n -  102
s h i p s  be tw een  s e c o n d a r y  s t r u c t u r e s  and  bed 




F ig u r e  1. G e n e r a l i z e d  g e o l o g i c  map. 3
F i g u r e  2 . J a c k f o r k  n o m e n c la t u r e . 9
F i g u r e  3 . L o c a t io n  map o f  m e asu re d  s e c t i o n s . 16
F i g u r e  4 . Exam ples o f  c o r r e l a t e d  b e d s . 18
F i g u r e  5. Slump above  s e c t i o n  OK- 4 . 20
F ig u r e  6 . P l a n a r  l a m i n a t i o n s . 23
F i g u r e  7 . P a r a l l e l  l a m i n a t i o n s . 24
F i g u r e  8 . C lim b in g  r i p p l e  c r o s s - l a m i n a t i o n s . - 25
F i g u r e  9 . F e s t o o n - s t y l e  c r o s s - l a m i n a t i o n s . 29
F i g u r e  10. Type A - l  c o n v o l u t e  l a m i n a t i o n s . 30
F i g u r e  11 . Type A-2 c o n v o l u t e  l a m i n a t i o n s . 32
F ig u r e  1 2 . ' Type B c o n v o l u t e  l a m i n a t i o n s . 33
F i g u r e  13. L i q u e f i e d  f lo w  d e p o s i t . 34
F i g u r e  14. Type A s e c o n d a r y  l a m i n a t i o n s . 35
F i g u r e  15 . Type B s e c o n d a r y  l a m i n a t i o n s . 37
F i g u r e  16 . D ish  s t r u c t u r e  v a r i a t i o n s . 39
F i g u r e  17 . Type A p i l l a r s . 42
F i g u r e  18 . Type B p i l l a r s . 43
F i g u r e  19. t y p e  D p i l l a r s . 45
F i g u r e  2 0 . H o r i z o n t a l  f a u l t s . 46
F ig u r e  21 . Type 1 s a n d s to n e  b e d s . 49
F i g u r e  2 2 . Type 3 s a n d s to n e  b e d s . 50
F i g u r e  2 3 . V a r i e t i e s  o f  t y p e  3 b e d s . 51
vi
List of Figures - Continued.
Page
F ig u r e  2 4 .  Type 4 s a n d s to n e  b e d s .  52
F ig u r e  2 5 .  Type 5 s a n d s to n e  b e d s  i n  o u t c r o p .  54
F ig u r e  2 6 .  Type 6 s a n d s to n e  b e d s .  55
F ig u r e  2 7 .  Type 6 s a n d s to n e  b e d  w i t h  s h a l e  c h i p s .  56
F ig u r e  2 8 .  S m all  s c a l e  s lum p. 59
F ig u r e  2 9 .  C o r r e l a t i v e  ty p e  2 and ty p e  4 b e d s .  64
F ig u r e  30 . D e p o s i t i o n a l  l o c a t i o n s  o f  s t r a t i g r a p h i c  u n i t s .  83
F ig u r e  3 1 .  O r ig in  o f  t y p e  A and  B c o n v o lu te  l a m in a t io n s .  91
F ig u r e  32 . O r ig in  o f  t y p e s  A, B, C, and D se c o n d a ry  95
l a m i n a t i o n s .
F ig u r e  3 3 .  P a r a g e n e s i s  o f  s e c o n d a ry  s t r u c t u r e s .  98
vii
LIST OF APPENDICES
A ppendix  A
A ppendix  B
M easured s e c t i o n s ,  t a b l e  o f  c o r r e l a t e d  
i n t e r v a l s  and b e d s ,  and g r a p h s  o f  v e r t i c a l  
v a r i a t i o n s  i n  b ed  c h a r a c t e r i s t i c s .
*






O u tc ro p s  o f  t h e  lo w e r  p a r t  o f  t h e  W i ld h o rs e  M ounta in  F o rm a t io n  
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fo rm ed  by i n t e r a c t i o n  o f  e s c a p i n g  p o r e  f l u i d s  and t h e  s e d im e n t - f r a m e ­
work g r a i n s  in  l i q u e f i e d  b e d s  o r  f l o w s .  P o r e - f l u i d  e s c a p e  and  l i q u e f a c ­
t i o n  w ere t r i g g e r e d  i n i t i a l l y  by lo a d i n g  c o n s o l i d a t i o n  o f  c l a y - r i c h  
s e d im e n t .  A d d i t i o n a l  c o n s o l i d a t i o n  f o l l o w i n g  l i q u e f a c t i o n  may a l s o  have 
c o n t r i b u t e d  t o  t h e  t o t a l  volum e o f  e x p e l l e d  f l u i d s .
S ix  d i f f e r e n t  t y p e s  o f  s a n d s to n e  b e d s  a r e  d i s t i n g u i s h e d  on t h e  
b a s i s  o f  t h e i r  s u i t e s  o f  s e d im e n ta r y  s t r u c t u r e s  and  t e x t u r e s :  1) beds
w hich  show p r im a ry  s t r u c t u r e s  o n ly ;  2 )  b e d s  w hich  show p r im a r y  s t r u c ­
t u r e s  w i th  s e c o n d a ry  s t r u c t u r e s  s u p e r p o s e d ;  3 )  b ed s  w hich show a l t e r n a ­
t i n g  zones  o f  p l a n a r  l a m i n a t i o n s ,  d i s h  s t r u c t u r e s  and s t r u c t u r e l e s s  
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w hich  a r e  s t r u c t u r e l e s s  o r  show d i s c o n t i n u o u s  p a r t i n g  p l a n e s  o n ly .
Types  1 th r o u g h  4 a r e  r e l a t i v e l y  m a t r i x - f r e e  and a r e  i n t e r p r e t e d  a s  
t u r b i d i t e s .  T ypes  5 and 6 a r e  m a t r i x - r i c h  and i n t e r p r e t e d  a s  d e p o s i t s  
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INTRODUCTION
A lthough  t h e  c o r r e l a t i o n  be tw een  p r o c e s s e s  o f  s e d i m e n t a t i o n  and  t h e  
r e s u l t i n g  p r im a ry  s e d im e n ta r y  s t r u c t u r e s  h a s  been  f i r m l y  e s t a b l i s h e d ,  
f a r  l e s s  i s  known o f  t h e  r e l a t i o n s h i p ,  i f  an y ,  b e tw ee n  t h e  p r o c e s s e s  o f  
d e p o s i t i o n  and t h e  s u b s e q u e n t  p h y s i c a l  d i a g e n e s i s  o f  t h e  s e d i m e n t s .  The 
g e n e r a l  p r o c e s s e s  o f  f o r m a t i o n  o f  n o n - b i o l o g i c a l ,  s o f t - s e d i m e n t  d e fo rm a ­
t i o n  s t r u c t u r e s  h a v e  b e e n  o u t l i n e d  by r e c e n t  s t u d i e s ,  b u t  few  s p e c i f i c  
s t u d i e s  r e l a t i n g  p h y s i c a l  d e p o s i t i o n  and p h y s i c a l  d i a g e n e s i s  h a v e  been  
u n d e r ta k e n .
The p r e s e n t  s tu d y  was u n d e r t a k e n  t o  d e t e r m in e  t h e  d e p o s i t i o n -  
p h y s i c a l  d i a g e n e s i s  r e l a t i o n s h i p s  w i th i n  t h e  W i ld h o r s e  M o u n ta in  Form a­
t i o n  o f  t h e  J a c k f o r k  Group (P e n n s y lv a n ia n )  on  K ia m ic h i  M o u n ta in  n e a r  
B ig  C edar ,  Oklahoma. T h e s e  r o c k s  w ere s e l e c t e d  b e c a u s e  t h e y  show a  
r a n g e  o f  s e d i m e n t a t i o n - u n i t  t y p e s  w i t h i n  w hich  a r e  a  w id e  v a r i e t y  o f  
p r im a r y  and s e c o n d a ry  s t r u c t u r e s .  The s tu d y  h a s  t h r e e  m ain  o b j e c t i v e s :
(1) To i d e n t i f y  t h e  p r o c e s s e s  o f  d e p o s i t i o n  f o r  t h e  v a r i o u s  
bed t y p e s  w i t h i n  t h e  e x p o sed  s e q u e n c e ;
(2) To d e s c r i b e  and  e x p l a i n  t h e  o c c u r r e n c e  o f  t h e  s e c o n d a r y  
s t r u c t u r e s ;
(3 )  To r e l a t e  t h e  s e c o n d a r y  s t r u c t u r e s  t o  t h e  p r o c e s s e s  o f  
d e p o s i t i o n .
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GENERAL GEOLOGY AND GEOLOGIC HISTORY 
OF THE OUACHITA MOUNTAINS
The O u a c h i t a  M o u n ta in s  o f  A rk a n s a s  and Oklahoma a r e  t h e  l a r g e s t  
e x p o sed  segm ent o f  t h e  O u a c h i t a  o ro g e n ,  a  b e l t  o f  d e fo rm e d  P a l e o z o i c  
r o c k s  w hich  e x t e n d s  i n  t h e  s u b s u r f a c e  f ro m  s o u th w e s t e r n  A labam a th r o u g h  
M i s s i s s i p p i ,  A rk a n s a s ,  Oklahom a, T e x a s ,  and i n t o  n o r t h e r n  M exico . The 
o n ly  o t h e r  e x p o s u r e s  o f  t h i s  b e l t  a r e  i s o l a t e d  o u t c r o p s  i n  T ex as  and 
M exico. The O u a c h i t a  M o u n ta in s  a r e  bound on t h e  s o u t h ,  s o u t h e a s t ,  and 
e a s t  by o v e r l a p p i n g  C r e t a c e o u s  and T e r t i a r y  s e d im e n t s  and  t o  t h e  n o r t h  
and w e s t  by f r o n t a l  t h r u s t  f a u l t s .
T o p o g r a p h i c a l l y  t h e  O u a c h i t a s  a r e  a  s e r i e s  o f  m o r e - o r - l e s s  e a s t -  
w e s t  t r e n d i n g  r i d g e s  and v a l l e y s  e x t e n d i n g  f ro m  L i t t l e  Rock, A rk a n s a s ,  
w es tw ard  f o r  a b o u t  250  k i l o m e t e r s  t o  A to k a ,  Oklahom a. The o v e r a l l  
s t r u c t u r e  o f  t h e  e x p o se d  O u a c h i t a s  i s  t h a t  o f  an  a n t i c l i n o r i u m  and 
t h r e e  s u b d i v i s i o n s  a r e  g e n e r a l l y  r e c o g n i z e d  ( M o r r i s ,  1 9 7 4 ) .  The n o r t h e r n  
and w e s te rn  p o r t i o n  o f  t h e  m o u n ta in s  i s  c h a r a c t e r i z e d  by  b r e a c h e d  a n t i ­
c l i n a l  v a l l e y s  s e p a r a t e d  by  lo n g  l i n e a r  s y n c l i n a l  r i d g e s .  The r o c k s  
e x p o se d  h e r e  a r e  g e n e r a l l y  M i s s i s s i p p i a n  and  P e n n s y lv a n ia n  c l a s t i c  s e d i ­
m en ts  r e p e a t e d  by n o r t h w a r d - d i r e c t e d  t h r u s t  f a u l t i n g  ( F ig u r e  1 ) .  O ld e r  
u p p e r  Cam brian th ro u g h  lo w e r  M i s s i s s i p p i a n  r o c k s  a r e  e x p o se d  in  t h e  
O u a c h i t a  c o r e ,  a  zone o f  a n t i c l i n a l  r i d g e s  and  s y n c l i n a l  v a l l e y s  w hich  
r u n s  from  B roken  Bow, Oklahom a, t o  B en to n ,  A rk a n s a s .  A t h i r d  p r o v i n c e ,  
t h e  A th en s  P l a t e a u ,  i s  i n  s o u t h e a s t e r n  A r k a n s a s .  The s t r u c t u r e  and 
s t r a t i g r a p h y  o f  t h i s  r e g i o n  a r e  g e n e r a l l y  s i m i l a r  t o  t h a t  o f  t h e  
n o r t h e r n  and  w e s te r n  a r e a s .
The P a l e o z o i c  s t r a t a  o f  t h e  O u a c h i t a s  a p p e a r  t o  r e p r e s e n t  s e d i ­
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John*  Volley[ ]c r e ta c e o u e P o t t - A to k a P r e - S t a n l e yS t a n l e yJ a c k f o rk
F i g u r e  1 .  G e n e r a l i z e d  g e o l o g i c  map o f  t h e  O u a c h i t a  M o u n ta in s  ( a d a p t e d  f ro m  U .S .G .S .  1935 G e o lo g ic  Map 
o f  t h e  U n i te d  S t a t e s ) .  Heavy b l a c k  l i n e s  r e p r e s e n t  m a jo r  f a u l t s .  S m all  c i r c l e  w e s t  o f  Mena shows t h e  
l o c a t i o n  o f  t h e  s tu d y  a r e a .
CO
N orth  A m erican  c o n t i n e n t .  Near t h e  c l o s e  o f  t h e  P e n n s y lv a n ia n  P e r io d ,  
t h e s e  s e d im e n ts  w ere  defo rm ed  and t h r u s t  n o r th w a r d  a g a i n s t  t h e  c r a t o n .
S t r a t i g r a p h i c a l l y ,  t h e s e  s t r a t a  can  be  d i v i d e d  i n t o  a  p r e - f l y s c h  
and a  f l y s c h  f a c i e s .  The p r e - f l y s c h  f a c i e s  i n c l u d e s  r o c k s  r a n g i n g  in  
age  from  Upper Cam brian o r  Lower O r d o v ic ia n  ( b a s e  n o t  e x p o s e d )  th ro u g h  
lo w e r-m o s t  M i s s i s s i p p i a n  (A rk a n sa s  N o v a c u l i t e ) . The f l y s c h  f a c i e s  
r o c k s  a r e  o f  M i s s i s s i p p i a n  and P e n n s y lv a n ia n  ag e  and i n c l u d e ,  in  
a s c e n d in g  o r d e r ,  t h e  S t a n l e y  and J a c k f o r k  G ro u p s ,  t h e  Jo h n s  V a l le y  
S h a le ,  and t h e  A toka  F o rm a t io n .
Hie p r e - f l y s c h  f a c i e s  i s  composed m a in ly  o f  a l t e r n a t i n g  u n i t s  o f  
b l a c k  s h a l e ,  s a n d s to n e ,  and c h e r t .  T hese  u n i t s  hav e  been  i n t e r p r e t e d  
by Thomas (1976) a s  h a v in g  been  d e p o s i t e d  in  a  deep  b a s i n  bound on 
t h e  n o r t h  and  w es t by t h e  edge  o f  t h e  P a l e o z o i c  N o r th  A m erican  c r a t o n ,  
upon w hich c o r r e l a t i v e  u n i t s  o f  l i m e s to n e ,  q u a r t z o s e  s a n d s to n e ,  and 
c h e r t  w ere  a c c u m u la t in g .
The f l y s c h  f a c i e s  i s  c h a r a c t e r i z e d  th r o u g h o u t  m ost o f  i t s  t h i c k ­
n e s s  by rh y th m ic  i n t e r b e d d i n g  o f  s a n d s to n e  and s h a l e .  The s a n d s to n e  
v a r i e s  from  c o m p o s i t i o n a l l y  s u b m a tu re ,  m o d e r a t e l y  s o r t e d ,  f i n e  t o  v e r y  
f i n e - g r a i n e d  in  t h e  S t a n l e y  Group t o  m a tu r e ,  m o d e r a te ly  s o r t e d ,  and 
v e r y  f i n e  t o  m ed iu m -g ra in ed  i n  t h e  J a c k f o r k  and  A to k a .  I n t e r b e d d e d  
s h a l e s  a r e  medium t o  d a r k  g r e y ,  f i s s i l e ,  and  commonly c o n t a i n  t h i n  
s i l t y  o r  sandy  l a m i n a t i o n s .  W ith  t h e  e x c e p t i o n  o f  t h e  u p p e r  and 
n o r t h e r n  p a r t s  o f  t h e  A to k a  and t h e  e a s t e r n - m o s t  J a c k f o r k ,  t h e r e  i s  
l i t t l e  e v id e n c e  t o  s u g g e s t  s h a l lo w  m a r in e ,  f l u v i a l ,  o r  d e l t a i c  e n v i r o n ­
m ents  o f  d e p o s i t i o n ,  b u t  a b u n d an t  e v i d e n c e  f o r  a g e n e r a l l y  q u i e t - w a t e r  
m a r in e  e n v i ro n m e n t  i n t o  w hich  s e d im e n t  g r a v i t y  f lo w s ,  m a in ly  t u r b i d i t y  
c u r r e n t s ,  i n t r u d e d .  The s i m i l a r i t y  o f  t h e s e  d e p o s i t s  t o  t u r b i d i t e s
and  a  l a c k  o f  s h a l l o w - w a t e r  f o s s i l s  h a s  l e d  m ost r e c e n t  i n v e s t i g a t o r s  
t o  c o n c lu d e  t h a t  t h e  f l y s c h  was d e p o s i t e d  i n  a  m o d e ra te ly  deep  m arine  
b a s i n  ( C l i n e  and S h e lb u r n e ,  1959; K ing, 1961; W a l t h a l l ,  1967; and 
M o r r i s ,  1 971a  and  b ) . C h a m b e r la in  (1971) h a s  d e f i n e d  a  number o f  
e n v i ro n m e n ts  w i t h i n  l a t e  P a l e o z o i c  s e d im e n ts  o f  t h e  O u a c h i t a  and Arkoma 
b a s i n s  on t h e  b a s i s  o f  t r a c e  f o s s i l  a s s e m b la g e s .  He i n t e r p r e t s  a  d e e p -  
b a s i n  e n v i ro n m e n t  f o r  t h e  f l y s c h  o f  t h e  c e n t r a l  O u a c h i t a s ;  a  s lo p e  
e n v i ro n m e n t  f o r  t h e  lo w er  p a r t  o f  t h e  A toka  F o rm a t io n  in  t h e  f r o n t a l  
O u a c h i t a s ;  and a  s h o a l  f a c i e s  f o r  t h e  u p p e r  A to k a  i n  t h e  Arkoma B a s in .
The S t a n l e y  Group i s  t h e  lo w e s t  u n i t  o f  t h e  f l y s c h  f a c i e s  and 
t h i c k n e s s  e s t i m a t e s  r a n g e  f ro m  3000 t o  o v e r  5000 m e te r s  (M o r r is ,  1974 ) .  
I t  c o n s i s t s  p r e d o m i n a te ly  o f  s h a l e  b u t  i n c l u d e s  t u f f a c e o u s  beds  n e a r  
t h e  b a s e  and  i n t e r b e d d e d  s a n d s to n e  to w a rd  t h e  t o p .  The S ta n l e y  t h i n s  
n o r th w a rd  and  i s  c o r r e l a t i v e  i n  p a r t  w i th  t h e  Caney S h a le  i n  th e  
F r o n t a l  O u a c h i t a s  and , b e n e a th  t h e  A rk a n sa s  V a l l e y ,  w i th  t h e  much 
t h i n n e r ,  s h a l l o w  m a r in e  F a y e t t e v i l l e  S h a le  (Maher and Lantz> 1953) .
The J a c k f o r k  Group, w hich  c o n fo rm a b ly  o v e r l i e s  t h e  S t a n l e y ,  i s  
composed l a r g e l y  o f  s a n d s to n e  in  b e d s  5 c e n t i m e t e r s  t o  1 m e te r  t h i c k .
I t  g r a d e s  n o r t h  and  w es t  i n t o  t h e  Caney S h a le ,  a b o u t  100 m e te r s  t h i c k ,  
and  a p p e a r s  t o  r e a c h  i t s  maximum t h i c k n e s s  o f  o v e r  3000 m e te r s  i n  th e  
s o u t h e r n  p a r t  o f  t h e  O u a c h i t a s  ( W a l t h a l l ,  1 9 6 7 ) ,
The J o h n s  V a l l e y  S h a le ,  a p p r o x im a te ly  300 m e te r s  t h i c k ,  c o n fo rm a b ly  
o v e r l i e s  t h e  J a c k f o r k  Group. The lo w e r  p a r t  o f  t h e  Jo h n s  V a lley  i s  
composed o f  b l a c k ,  p h o s p h a t i c  s h a l e  and r e p r e s e n t s  a  te m p o ra l  b re a k  in  
s a n d  s e d i m e n t a t i o n  in  t h e  b a s i n .  The u p p e r  p a r t  o f  t h e  f o r m a t io n  i s  
s a n d i e r  and  m arked  by t h e  l o c a l  d ev e lo p m en t c o n g lo m e r a te  and d e b r i s  
f lo w  u n i t s .  P o o r  e x p o s u r e s  make d e t e r m i n a t i o n  o f  t h e  l o c a t i o n  o f
maximum t h i c k n e s s  d i f f i c u l t ,  b u t  t h e  r e s t r i c t i o n  o f  c o n g l o m e r a t i c  beds  
t o  n o r t h e r n  o u tc r o p s  and  t h e  l a c k  o f  i d e n t i f i a b l e  Jo h n s  V a l le y  in  
s o u th e r n  a r e a s  s u g g e s t  t h a t  t h e  maximum t h i c k n e s s  i s  d e v e lo p e d  a lo n g  
t h e  n o r t h e r n  m argin  o f  t h e  b a s i n .
The A toka  F o rm a t io n  r e a c h e s  i t s  maximum t h i c k n e s s  o f  6000 m e te r s  
(Reinemund and D a n i l c h i k ,  1957) i n  t h e  f r o n t a l  O u a c h i t a s  and t h i n s  t o  
a p p r o x im a te ly  1500 m e te r s  on t h e  A th en s  P l a t e a u  ( W a l t h a l l ,  1 9 6 7 ) .  Like 
t h e  J a c k f o r k  Group, t h e  A to k a  i s  a  p r e d o m i n a te ly  sandy  u n i t .  I t  i s  
c h a r a c t e r i z e d  by r h y t h m i c a l l y  a l t e r n a t i n g  b e d s  o f  s a n d s to n e  and  s h a l e  
i n  t h e  c e n t r a l  and f r o n t a l  O u a c h i t a s ,  b u t  i n  t h e  Arkoma B a s in  i n c l u d e s  
c h a n n e l  s a n d s to n e  and c o a l  b e d s  w hich  become more common to w a rd  th e  to p  
o f  t h e  f o r m a t io n  (B r ig g s  and  C l i n e ,  1 9 6 7 ) .
One o f  t h e  m a jo r  d i f f e r e n c e s  b e tw ee n  t h e  f l y s c h  and p r e - f l y s c h  
f a c i e s  i s  i n  r a t e s  o f  s e d i m e n t a t i o n .  A bout 1500 m e te r s  o f  s e d im e n t  
w ere  l a i d  down i n  th e  b a s i n  d u r i n g  t h e  l a t e  C am brian  th r o u g h  e a r l y  
M i s s i s s i p p i a n  p r e - f l y s c h  p e r i o d  (Ham, 1 9 5 9 ) ,  an i n t e r v a l  o f  a b o u t  170 
m i l l i o n  y e a r s  (Holmes, 1 9 6 0 ) .  The mean r a t e  o f  s e d i m e n t a t i o n  f o r  t h i s  
p h a s e  o f  b a s i n  f i l l i n g  i s  t h u s  a b o u t  0 . 9  c e n t i m e t e r  p e r  th o u s a n d  y e a r s .  
D u r in g  d e p o s i t i o n  o f  t h e  o v e r l y i n g  f l y s c h  s u c c e s s i o n ,  t h e  a v e r a g e  r a t e  
o f  d e p o s i t i o n  f o r  a b o u t  8000 m e te r s  o f  s e d im e n t  ( C l i n e  and  S h e lb u rn e ,  
1959) d e p o s i t e d  o v e r  a b o u t  80 m i l l i o n  y e a r s  was a p p r o x im a te ly  10 c e n t i ­
m e te r s  p e r  th o u s a n d  y e a r s ,  r o u g h ly  e l e v e n  t im e s  t h e  mean p r e - f l y s c h  
s e d i m e n t a t i o n  r a t e .
No Perm ian  s e d im e n ts  a r e  p r e s e n t  i n  t h e  O u a c h i t a  M o u n ta in s .
S h o r t l y  a f t e r  o r  p e r h a p s  ev en  c o n c u r r e n t l y  w i th  t h e  l a t e r  s t a g e s  o f  
A to k a  d e p o s i t i o n  (F law n , 1961 , p .  1 2 4 ) ,  t h e  O u a c h i t a  B a s in  b e g a n  to  
u n d e rg o  s t r o n g  n o r t h - s o u t h  c o m p re s s io n .  T h is  c o m p re ss io n  c a u s e d  th e
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s t r a t a  th r o u g h o u t  t h e  O u a c h i t a  and Arkoma B a s in s  t o  b u c k le  and f o l d  
i n t o  a  s e r i e s  o f  e a s t - w e s t  t r e n d i n g  a n t i c l i n e s  and  s y n c l i n e s .  Rocks 
w i t h i n  t h e  O u a c h i t a s ,  e s p e c i a l l y  i n  t h e  f r o n t a l  z o n e ,  f a i l e d  a lo n g  a 
s e r i e s  o f  g e n t l y  t o  s t e e p l y  s o u th w a rd  d i p p i n g ,  e a s t - w e s t  s t r i k i n g  
p l a n e s  with- a  n o r th w a rd  o v e r t h r u s t i n g .  D e fo rm a t io n  t e r m i n a t e d  s e d i ­
m e n ta t io n  w i t h i n  t h e  O u a c h i t a  B a s in  and t h e  r e m a in d e r  o f  t h e  h i s t o r y  
o f  t h e  O u a c h i t a  M oun ta ins  i s  one  o f  ig n e o u s ,  t e c t o n i c ,  and e r o s i o n a l  
p r o c e s s e s .
GENERAL SEDIMENTOLOGY AND STRATIGRAPHY 
OF THE JACKFORK GROUP
N o m en c la tu re
The te rm  " J a c k f o r k "  was f i r s t  u sed  a s  a  f o r m a t io n  name by T a f f  
(1902) t o  d e s i g n a t e  a  t h i c k  se q u e n c e  o f  s a n d s to n e s  and s h a l e s  w hich
i
a r e  e x p o sed  on J a c k f o r k  M ountain  i n  A toka  C oun ty ,  O klahom a. R ap id  
f a c i e s  c h a n g e s ,  how ever ,  make s t r a t i g r a p h i c  s u b d i v i s i o n s  w hich  a r e  
u s e f u l  i n  one  a r e a  u s e l e s s  i n  a n o t h e r  and f o r  t h i s  r e a s o n  t h e  te rm  
J a c k f o r k  h a s  u n d e rg o n e  a  f a i r l y  com plex u s a g e  e v o l u t i o n .
H a r l t o n  (1938) r a i s e d  t h e  s e q u e n c e  t o  g ro u p  r a n k  and  s u b d iv id e d  
i t  i n t o  f i v e  f o r m a t i o n s .  W ith some m o d i f i c a t i o n  ( H a r l t o n ,  1959) t h i s  
t e rm in o lo g y  ( F ig u r e  2 )  h a s  been  g e n e r a l l y  a d o p te d  f o r  u s e  i n  t h e  
s o u th e r n  p o r t i o n  o f  t h e  O u a c h i t a  M o u n ta in s  i n  Oklahoma ( C l i n e  and 
M o r e t t i ,  1956; C l i n e ,  1960; S h e lb u r n e ,  1960; S e e ly ,  1963; H a r t ,  1963; 
B r ig g s ,  1 9 7 3 ) .  W a l t h a l l  (1967) r e c o g n i z e d  t h e  f i v e  f o r m a t i o n s  
p ro p o s e d  by H a r l t o n  (1959) i n  t h e  A th en s  P l a t e a u  a r e a  o f  P ik e  C o u n ty ,  
A rk a n s a s ,  b u t  M o r r i s  (1 9 7 1 a)  was u n a b le  t o  d i s t i n g u i s h  any  o f  H a r l t o n ’ s 
(1959) f o r m a t i o n s  in  t h e  f r o n t a l  p o r t i o n  o f  t h e  O u a c h i t a s  i n  A r k a n s a s .
He t h e r e f o r e  p ro p o s e d  a  d i f f e r e n t  n o m e n c la tu r e  f o r  t h e  f o r m a t i o n s  o f  
t h e  J a c k f o r k  Group i n  t h i s  r e g i o n  ( F ig u r e  2 ) .
In  t h e  a r e a  o f  t h i s  r e p o r t ,  i n  e a s t e r n  Oklahoma, B r ig g s  (1 9 7 3 )  was 
u n a b le  t o  d i f f e r e n t i a t e  t h e  t h r e e  m id d le  f o r m a t io n s  o f  H a r l t o n  (1959 )  
b u t  he  c o u ld  d i s t i n g u i s h  t h e  u n d e r l y i n g  W i ld h o rs e  M ounta in  and o v e r l y i n g  
Game R efuge F o rm a t io n s  ( F ig u r e  2 ) .  He a l s o  p ro p o s e d  t h a t  t h e  C h ic k asaw  
C reek  F o rm a t io n ,  w hich  had  f o r m e r l y  been  a s s i g n e d  t o  t h e  S t a n l e y  Group, 

















































































































F ig u r e  2 .  J a c k f o r k  n o m e n c la tu r e  a s  p r o p o s e d  by H a r l to n  (1959) and  
s u b s e q u e n t l y  m o d i f i e d  by M o r r i s  (1971) f o r  u s e  i n  A rk a n s a s .  The 
l a t e s t  m o d i f i c a t i o n  by B r ig g s  (1973) i s  u s e d  i n  t h i s  r e p o r t .
C h a r a c t e r i s t i c s  and  D i s t r i b u t i o n
A lth o u g h  t h e  O u a c h i t a  M o u n ta in s  a r e  s t r u c t u r a l l y  com plex , s e v e r a l  
c o m p le te  s e c t i o n s  o f  t h e  J a c k f o r k  h a v e  b e e n  m e a su re d  and  d e s c r i b e d  
( H a r l t o n ,  1938; C l i n e  and  M o r e t t i ,  1956; C l i n e ,  1960; S h e lb u r n e ,  1963; 
W a l t h a l l ,  1967; and  M o r r i s ,  1 9 7 1 ) .  T h i c k n e s s e s  o f  t h e s e  m e asu re d  s e c ­
t i o n s  r a n g e  from  1700 f e e t  (520  m e te r s )  n e a r  t h e  town o f  W esley ,  i n  t h e  
w e s te r n  p a r t  o f  t h e  O u a c h i t a s ,  t o  o v e r  1 0 ,0 0 0  f e e t  (3050  m e t e r s )  on t h e  
A th e n s  P l a t e a u .  A c c o rd in g  t o  C l i n e  (1960 , p .  45 )  t h e  J a c k f o r k  i s  n o t  
r e c o g n i z e d  n o r t h  o f  t h e  T i  V a l l e y  F a u l t  i n  t h e  w e s t e r n  p o r t i o n  o f  t h e  
O u a c h i t a s .
In  t h e  a r e a  o f  t h i s  r e p o r t ,  C l i n e  and  M o r e t t i  (1956 )  r e p o r t  a  
t h i c k n e s s  o f  5600 t o  5800 f e e t  (1710  t o  1770 m e t e r s )  f o r  t h e  J a c k f o r k .  
T h i s  i s  a  r e p r e s e n t a t i v e  t h i c k n e s s  f o r  t h e  J a c k f o r k  i n  t h e  C e n t r a l  
O u a c h i t a s .  The o v e r a l l  t r e n d  i s  to w a rd s  somewhat t h i c k e r  s e c t i o n s  t o  
t h e  s o u th  and e a s t .
The main r o c k  t y p e s  m ak ing  up t h e  J a c k f o r k  a r e  s a n d s to n e  and 
l u t i t e .  W hile  s a n d s to n e  i s  t h e  m o s t  c o n s p ic u o u s  r o c k  t y p e ,  t h e  r e l a t i v e  
p r o p o r t i o n  o f  s a n d s to n e  t o  l u t i t e  v a r i e s  l a t e r a l l y  and  v e r t i c a l l y  w i t h i n  
t h e  G roup. The s a n d s t o n e s  r a n g e  f ro m  n e a r l y  m a t r i x  f r e e  « 5 % ) t o  m a t r i x  
r i c h  (>30%); t h e  i n d u r a t i o n  f ro m  v e r y  w e l l  cem en ted  t o  v e r y  f r i a b l e ;  t h e  
t h i c k n e s s  o f  t h e  b e d s  f ro m  l e s s  th a n  2 c e n t i m e t e r s  t o  g r e a t e r  th a n  2 
m e te r s ;  and t h e  i n t e r n a l  s t r u c t u r i n g  o f  t h e  b e d s  f ro m  a lm o s t  c o m p le te ly  
s t r u c t u r e l e s s  t o  v e r y  h i g h l y  o r d e r e d .  The v a r i o u s  l u t i t e s  i n c l u d e  w e l l -  
l a m in a t e d ,  e a s i l y  e r o d e d  s h a l e s ,  commonly w i th  v e r y  t h i n  (1  t o  10 mm) 
s i l t s t o n e  i n t e r b e d s ;  h i g h l y  r e s i s t a n t  s i l i c e o u s  s h a l e s ;  and c l a y s t o n e s .
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M udstone r e p r e s e n t s  a  g r a d a t i o n  b e tw ee n  s a n d s to n e  and l u t i t e .  I t  
i s  t y p i c a l l y  p o o r ly  i n d u r a t e d  and  shows o n ly  v ag u e  h o r i z o n t a l  l a m in a ­
t i o n s .  Slumped i n t e r v a l s  a l s o  r e p r e s e n t  a  g r a d a t i o n  be tw een  s a n d s t o n e s  
and  l u t i t e s ,  b u t  d i f f e r  f ro m  m u d s to n e s  i n  t h e i r  h i g h e r  d e g r e e  o f  
s t r u c t u r i n g .  I t  h a s  b e e n  s u g g e s t e d  t h a t  i n  t h e  J a c k f o r k  t h e  m u d s to n e s  
a r e  g r a d a t i o n a l  w i th  t h e  c o n t o r t e d ,  s lum ped  i n t e r v a l s  and  d i f f e r  o n ly  
i n  b e i n g  m ore c o m p le te ly  mixted ( M o r r i s ,  1 9 7 1 b ) .
A t h i r d  r o c k  ty p e  w hich  o c c u r s  i n  t h e  J a c k f o r k  i s  s i l t s t o n e .  I t  i s  
m in o r  v o l u m e t r i c a l l y ,  and  o c c u r s  a s  t h i n ,  f l a t - o r  c r o s s - l a m i n a t e d  b ed s  
i n  s h a l e  u n i t s  and a t  t h e  t o p s  o f  some s a n d s to n e  b e d s .
D e t a i l e d  r e s o l u t i o n  o f  J a c k f o r k  s t r a t i g r a p h y  and  s e d im e n to lo g y  i s  
h i n d e r e d  by s e v e r a l  f a c t o r s :  (1 )  t h e  a r e a  i s  s t r u c t u r a l l y  com plex ;
(2 )  t h e  e x p o s u r e s ,  e x c e p t  a lo n g  h ig h w ay  r o a d  c u t s ,  a r e  u s u a l l y  p o o r ;
(3 )  a s i d e  f rom  c a r b o n i z e d  p l a n t  d e b r i s  and  n o n - s p e c i f i c  t r a i l s  and 
b u r ro w s ,  t h e  g ro u p  i s  t y p i c a l l y  u n f o s s i l i f e r o u s ;  and (4 )  l i t h o l o g i c a l l y  
u n iq u e  b e d s  a r e  f a i r l y  l i m i t e d  i n  t h e i r  a e r i a l  e x t e n t .
S e d im e n to lo g y
S e d i m e n t o l o g i c a l  s t u d i e s  o f  t h e  J a c k f o r k  Group h av e  f o c u s e d  on 
f o u r  main p ro b le m s :  (1 )  t h e  n a t u r e  and  l o c a t i o n  o f  t h e  s o u r c e  a r e a ( s ) ;
(2 )  t h e  e n v i ro n m e n ts  and p r o c e s s e s  o f  s e d im e n t  t r a n s p o r t  i n t o  t h e  b a s i n ;
(3 )  t h e  p r o c e s s e s  o f  s e d im e n t  d i s t r i b u t i o n  and  r e d i s t r i b u t i o n  w i t h i n  t h e  
b a s i n ;  and  (4 )  t h e  n a t u r e  and  c a u s e s  o f  t h e  v a r i o u s  d i a g e n e t i c  p r o c e s s e s  
w h ich  a f f e c t e d  t h e  s e d im e n t  a f t e r  i t s  d e p o s i t i o n .
B ased  on s t u d i e s  o f  t h i c k n e s s  t r e n d s ,  s a n d s t o n e - t o - s h a l e  r a t i o s ,  
and  s a n d s t o n e  c o m p o s i t io n ,  m ost r e c e n t  a u t h o r s  ( M o r r i s ,  1971a ; B r ig g s  
and  C l i n e ,  1967; K le i n ,  1966) a g r e e  t h a t  t h e r e  w ere  two s o u r c e s  f o r  t h e
I
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s a n d - s i z e d  d e t r i t u s  d e l i v e r e d  t o  t h e  b a s i n .  A s o u th e rn  s o u r c e  was
»
f i r s t  p ro p o s e d  by M ise r  (1921) f o r  t h e  s e d im e n ts  o f  b o th  t h e  S t a n l e y  
and  t h e  J a c k f o r k  G roups and t h e  e v i d e n c e  s u g g e s t s  t h a t  a  l a r g e  p a r t  o f  
t h e  s a n d - s i z e d  s e d im e n t  i n  t h e  S t a n l e y  was d e r iv e d  from t h i s  s o u t h e r n  
s o u r c e  ( P i c h a  and Niem, 1 9 7 4 ) ,  The e x a c t  l o c a t i o n  and t e c t o n i c  n a t u r e  
o f  t h i s  s o u r c e  a r e a  h a s  and c o n t i n u e s  t o  be  a  m a t t e r  o f  some s p e c u l a ­
t i o n .  Some o f  t h e  main h y p o th e s e s  a r e :  a  m oun ta inous  a r e a  l o c a t e d
i n  t h e  s o u t h e r n  A p p la c h ia n s  f ro m  w h ich  d e t r i t u s  was shed  and c a r r i e d  
by  r i v e r s  th r o u g h  and  t o  t h e  s o u th  o f  t h e  B la c k  W a r r io r  B a s in ,  t h e n s e  
t o  t h e  s o u t h e a s t e r n  end  o f  t h e  O u a c h i t a  B a s in  (M o rr is ,  1 9 7 1 a ) ;  a  
h y p o t h e t i c a l  l a n d  mass ( L l a n o r i a )  w h ich  fo u n d e re d  and sa n k  n e a r  t h e  
c l o s e  o f  t h e  P a l e o z o i c  ( H a r l to n ,  1 9 3 8 ) ;  t h e  p e n i n s u l a  o f  Y u ca ta n ;  and  
t h e  n o r th w e s t  c o r n e r  o f  t h e  A f r i c a n  p l a t e .
A se c o n d  s o u r c e  s u p p l i e d  s e d im e n t  t o  t h e  n o r t h e a s t e r n  m a rg in  o f  
t h e  b a s i n .  At t h a t  t im e  t h i s  m arg in  may have  been  as  f a r  e a s t  a s  t h e  
B la c k  W a r r i o r  B a s in  (M o r r i s ,  1971a) o r  a s  f a r  w es t  as  t h e  town o f  
L i t t l e  Rock ( B r ig g s  and  C l i n e ,  1 9 6 7 ) .  T here  i s  n o th in g  t o  s u g g e s t  t h a t  
any  s i g n i f i c a n t  q u a n t i t i e s  o f  s a n d - s i z e d  d e t r i t e s  w ere i n t r o d u c e d  
l a t e r a l l y  i n t o  t h e  b a s i n  any f u r t h e r  w e s t  th a n  L i t t l e  Rock and  a l l  
p a l e o c u r r e n t  d a t a  a lo n g  t h e  n o r t h e r n  l i m i t s  o f  J a c k f o r k  e x p o s u r e s  
i n d i c a t e  t r a n s p o r t  t o  t h e  w es t  ( B r ig g s  and C l i n e ,  1967).
P o t t e r  and S i e v e r  (1956) and P r y o r  (1961) have s u g g e s te d  a 
s o u t h e r n  d r a i n a g e  from  t h e  I l l i n o i s  B a s in  d u r in g  th e  C a r b o n i f e r o u s  t im e s  
and  B r ig g s  and C l i n e  (1967) hav e  s u g g e s t e d  t h a t  a passagew ay e x i s t e d  
b e tw ee n  t h e  O zark  and t h e  N a s h v i l l e  domes w hich a l low ed  r i v e r ( s )  
d r a i n i n g  t h e  I l l i n o i s  B a s in  t o  c a r r y  s e d im e n t  down t o  t h e  c o n t i n e n t a l  
m a rg in  and  i n t o  t h e  O u a c h i t a  B a s in .  B r ig g s  and C l in e  (1967) c i t e  an
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abundance o f  c u t  and  f i l l  s t r u c t u r e s  and an abundance  o f  p l a n t  d e b r i s  
in  th e  J a c k f o r k  n e a r  L i t t l e  Rock a s  e v id e n c e  f o r  a  d e l t a i c  o r  p r o - d e l t a i c  
e n v iro n m en t  and c o n c lu d e  t h a t  t h e  d i s p e r s a l  p o i n t  f o r  t h i s  n o r t h e r n  
s o u rc e  was n o t  t o o  f a r  t o  t h e  n o r t h  and e a s t .
I f  t h e s e  i n t e r p r e t a t i o n s  a r e  c o r r e c t ,  t h e  o u t c r o p s  o f  t h e  J a c k f o r k  
n e a r  L i t t l e  Rock p r o v i d e  t h e  o n l y  v ie w  o f  m a rg in  o r  n e a r - m a r g in  s e d im e n ta ­
t i o n  in  t h e  b a s in  d u r i n g  J a c k f o r k  t im e .  E x p o su re s  t o  t h e  n o r t h  and w est 
a r e  l a c k in g  due t o  y o u n g e r  s e d im e n ta r y  c o v e r  and t h r u s t  f a u l t i n g .  On t h e  
s o u th  and e a s t  L a t e  M esozo ic  and T e r t i a r y  s e d im e n ts  h a v e  c o v e re d  t h e  
o l d e r  m a t e r i a l .
W ith in  t h e  e x p o se d  p o r t i o n  o f  t h e  b a s i n ,  J a c k f o r k  s e q u e n c e s  can 
g e n e r a l l y  be a s s ig n e d  t o  one o f  t h r e e  c a t e g o r i e s :  (1 )  w e l l - b e d d e d
a l t e r n a t i n g  s a n d s to n e s  and  s h a l e s ;  (2 )  z o n e s  o f  c o n t o r t e d  b e d d in g ,  which 
may be e i t h e r  s a n d s to n e  o r  m u d s to n e ,  b u t  commonly i n c l u d e  b o th ;  and
(3 )  beds  up t o  s e v e r a l  m e t e r s  t h i c k  o f  s t r u c t u r e l e s s  t o  p o o r ly  
s t r u c t u r e d  muddy s a n d s t o n e .  P a l e o c u r r e n t  s t u d i e s  o f  t h e  J a c k f o r k  
i n d i c a t e  c u r r e n t s  from  e a s t  t o  w e s t  th r o u g h o u t  t h e  O u a c h i t a  (B r ig g s  and 
C l i n e ,  1 9 6 7 ) ,  s u g g e s t i n g  t r a n s p o r t  p a r a l l e l  w i th  t h e  lo n g  a x i s  o f  th e  
t r o u g h .  A x ia l  t r a n s p o r t  o f  s e d im e n t  i s  n o t  u n iq u e  t o  t h e  J a c k f o r k  b u t  
h as  been r e p o r t e d  from  a  num ber o f  f l y s c h  b a s i n s  th r o u g h o u t  t h e  w orld  
( s e e  K n i l l ,  1959; D z u ly n s k i ,  K s i a z k i e w i c z  and Kuenen, 1 9 5 9 ) .
A t t i t u d e  and d i s t r i b u t i o n  o f  s lum ped  i n t e r v a l s  a l s o  p r o v i d e  in fo rm a ­
t i o n  c o n c e r n in g  p a l e o s l o p e .  M o r r i s  (1971b) r e p o r t s  t h a t  i n  t h e  F r o n t a l  
O u a c h i ta s  o f  A rk a n sa s  up t o  s e v e n ty  p e r c e n t  o f  t h e  J a c k f o r k  s e c t i o n  h a s  
s u f f e r e d  p o s t - d e p o s i t i o n a l  s lu m p in g ,  w h i le  t o  t h e  s o u th ,  on t h e  A thens 
P l a t e a u ,  slumped i n t e r v a l s  a r e  v i r t u a l l y  a b s e n t .  T h is  i s  i n t e r p r e t e d  
t o  mean t h a t  t h e r e  was a  s i g n i f i c a n t  e a s t - w e s t  t r e n d i n g ,  u n s t a b l e  s lo p e
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p a r a l l e l i n g  t h e  n o r t h e r n  m a rg in  o f  t h e  e a s t e r n  p o r t i o n  o f , th e  b a s i n  and 
t h a t  p e r i o d i c ,  e a r t h q u a k e - in d u c e d  f a i l u r e s  on t h i s  s l o p e  c a u s e d  s e d im e n t  
t o  s lum p o u t  o n to  t h e  b a s i n  f l o o r .  He a t t r i b u t e s  t h e  l a c k  o f  slum ped 
i n t e r v a l s  t o  t h e  s o u th  t o  a  l a c k  o f  any s i g n i f i c a n t  s l o p e s  i n  t h i s  a r e a .
T h e re  h a s  been  no s y s t e m a t i c  s tu d y  o f  t h e  d i s t r i b u t i o n  o f  s lum ped 
i n t e r v a l s  f u r t h e r  t o  t h e  w e s t  in  t h e  Oklahoma p o r t i o n  o f  t h e  O u a c h i t a s ,  
b u t  i t  a p p e a r s  t h a t  d i s t u r b e d  b e d d in g  a c c o u n t s  f o r  no m ore th a n  t e n  o r  
p e r h a p s  tw e n ty  p e r c e n t  o f  t h e  s e c t i o n  e x p o se d  on K ia m ic h i  M o u n ta in .  One 
s u b s t a n t i a l  d i f f e r e n c e  be tw een  s lu m p ed  i n t e r v a l s  i n  e a s t e r n  Oklahoma and 
t h o s e  i n  A rk a n s a s  i s  t h a t  t h e  f o r m e r  show no e v i d e n c e  o f  an u n s t a b l e  
n o r t h e r n  s l o p e .  R a th e r ,  t h e  p a l e o s l o p e  i n d i c a t e d  by  a t t i t u d e  o f  th e  
a x i a l  p l a n e s  o f  t h e  f o l d s  i n  t h e  s lu m p s  i s  t h e  same a s  t h a t  i n d i c a t e d  
by s e d im e n ta r y  s t r u c t u r e s  in  t h e  w e l l - b e d d e d  s a n d s t o n e s ,  t o  t h e  w e s t .
The b r o a d e r  a s p e c t s  o f  J a c k f o r k  s e d im e n to lo g y  a r e  known and can 
be  sum m arized  a s  f o l l o w s :  The O u a c h i t a  B a s in  a t  t h e  t im e  o f  t h e  d e p o s i ­
t i o n  o f  t h e  J a c k f o r k  was an e l o n g a t e  e a s t - w e s t  t r e n d i n g  b a s i n .  Most o f  
t h e  s e d im e n t  was i n t r o d u c e d  i n t o  t h e  b a s i n  a t  t h e  e a s t e r n  en d ,  most 
l i k e l y  th r o u g h  f l u v i a l  and d e l t a i c  p r o c e s s e s  w i th  a  s e c o n d a ry  s o u r c e  t o  
t h e  s o u t h e a s t .  The s e d im e n t  was t r a n s p o r t e d  th r o u g h  and d e p o s i t e d  
W ith in  t h e  b a s i n  by p r o c e s s e s  w h ich  a c t e d  i n  an e a s t - t o - w e s t  f a s h i o n .
The n o r t h e r n  m a rg in  o f  t h e  b a s i n  i n  A rk a n s a s  was c h a r a c t e r i z e d  by 
u n s t a b l e  s l o p e s  w hich  p e r i o d i c a l l y  f a i l e d ,  r e s u l t i n g  i n  s lum ps  moving • 
o u t  o n to  t h e  f l o o r  o f  t h e  b a s i n .  The n o r t h e r n  and  s o u t h e r n  m a rg in s  
c o n t r i b u t e d  o n ly  m in o r  am ounts  o f  s e d im e n t  t o  t h e  b a s i n .
STRATIGRAPHY OF THE WILDHORSE MOUNTAIN 
FORMATION IN THE STUDY AREA
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M easured  S e c t io n s
F our s t r a t i g r a p h i c a l l y  o v e r - l a p p i n g  s e c t i o n s  o f  t h e  u p p e r  p a r t  o f  
t h e  W i ld h o r s e  M ountain  F o rm a t io n  w ere  m easu red ,  d e s c r i b e d ,  and sam pled  
( s e e  A ppendix  A). The s e c t i o n s  a r e  e x p o sed  i n  r o a d c u t s  a lo n g  U. S. H ig h ­
way 259 on t h e  n o r t h  s i d e  o f  K ia m ic h i  M oun ta in ,  a b o u t  t h r e e  k i l o m e t e r s  
s o u th  o f  B ig  C ed a r ,  Oklahoma ( F i g u r e  3 ) .
T hese  o u t c r o p s  w ere  s e l e c t e d  p r i m a r i l y  b e c a u s e  t h e  s a n d s t o n e  b e d s  
show a  r i c h  d ev e lo p m en t o f  s e c o n d a r y  s e d im e n ta ry  s t r u c t u r e s ,  i n c l u d i n g  
d i s h  and  p i l l a r  s t r u c t u r e s  and  c o n v o l u t e  l a m i n a t i o n s ,  t h e  s tu d y  o f  w hich  
was t h e  main o b j e c t i v e  o f  t h i s  r e s e a r c h .  Two o t h e r  c r i t i c a l  f a c t o r s  
w ere  t h e  q u a l i t y  and t h e  a c c e s s i b i l i t y  o f  t h e  e x p o s u r e s .
A l l  f o u r  s e c t i o n s  w ere  m e a su re d  w i th  a  12 in c h  r u l e r  and e v e r y  bed 
g r e a t e r . t h a n  one  in c h  i n  t h i c k n e s s  was r e c o r d e d .  A l l  m e asu re m en ts  w ere 
s u b s e q u e n t l y  c o n v e r t e d  t o  m e t r i c  u n i t s .  A lth o u g h  i n d i v i d u a l  u n i t s  w ere 
g e n e r a l l y  c o n t in u o u s  a c r o s s  ea c h  o u t c r o p ,  t h e r e  was v a r i a t i o n  in  some 
o f  t h e  b e d s  and t h i s  was n o t e d  a s  p a r t  o f  t h e  bed  d e s c r i p t i o n .
Most o f  t h e  s a n d s to n e  b e d s  a r e  c u t  by two v e r t i c a l ,  p e r p e n d i c u l a r  
j o i n t  s e t s .  T h i s  f a c i l i t a t e d  q u a r r y i n g  o f  w h o le -b ed  sa m p le s ,  b u t  a  
f a i r l y  t h i c k  w e a th e r in g  r i n d  o f  l i m o n i t e - s t a i n e d  s a n d s to n e  d e v e lo p e d  
a lo n g  j o i n t s  and made a  f i e l d  d e s c r i p t i o n  o f  i n t e r n a l  s t r u c t u r e s  
d i f f i c u l t .  U n s ta in e d  e x p o s u r e s  w ere  o b t a i n e d  on a l l  beds  by c h i p p i n g  
th ro u g h  th e  l i m o n i t e  zone o r  by q u a r r y i n g  a  p i e c e  o f  t h e  bed and 
c r a c k i n g  i t  w i th  a  s l e d g e  hammer. Even t h i s  e f f o r t  f r e q u e n t l y  p ro v e d  
t o  be  i n a d e q u a t e  when a  c o m p a r iso n  was made betw een some s l a b b e d  and  
v a r n i s h e d  s a m p le s  and  f i e l d  d e s c r i p t i o n  o f  t h e  b ed s  from  w hich  t h e  sam -
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F i g u r e  3 .  Map show ing  l o c a t i o n  o f  m e a su re d  s e c t i o n s  and d i s t i n c t i v e  i n t e r v a l s  u se d  f o r  c o r r e l a t i o n .
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p i e s  w ere  o b ta in e d .  The m ost common e r r o r  was a  f a i l u r e  t o  r e c o g n iz e  
th e  p r e s e n c e  o f  some s e d im e n ta ry  s t r u c t u r e s ,  e s p e c i a l l y  f l a t  l a m in a t io n s  
and  d i s h  s t r u c t u r e s .
I t  was p o s s i b l e  t o  e s t a b l i s h ,  w i th  c o n s id e r a b le  c e r t a i n t y ,  c o r r e l a ­
t i o n s  among a l l  f o u r  s e c t i o n s .  The i n i t i a l  c o r r e l a t i o n  was a c c o m p lish e d  
by i d e n t i f i c a t i o n  o f  a  s e r i e s  o f  t h i c k ,  f r i a b l e  t o  s e m i - f r i a b l e  sa n d  
b e d s  n e a r  t h e  b a s e  o f  s e c t i o n s  OK-2 0 , OK-1 9  and  OK-4  and a  c h a n n e l  c u t  
i n t o  s e v e r a l  s a n d s to n e  b e d s  i n  s e c t i o n s  OK-19  and OK- 4 .  T h ese  s e q u e n c e s  
a r e  i l l u s t r a t e d  i n  t h e  m e asu re d  s e c t i o n s  (A ppend ix  A) and t h e i r  a p p r o x i ­
m ate  l o c a t i o n s  g iv e n  in  F ig u r e  3 .  A l i n e - o f - s i g h t  m a tc h in g  a lo n g  th e  
s t r i k e  o f  t h e  b e d s  was a l s o  p o s s i b l e  b e tw een  s e c t i o n s  OK-20  and  OK-1 9 .
Once b a s i c  c o r r e l a t i o n s  w ere  e s t a b l i s h e d ,  i t  w as p o s s i b l e  t o  i d e n t i ­
f y  a  num ber o f  i n d i v i d u a l  c o r r e l a t i v e  b e d s  and s e q u e n c e s  w i th in  t h e  s e c ­
t i o n s .  T h ese  c o r r e l a t i o n s  w ere  e s t a b l i s h e d  an d  ch e c k e d  in  t h e  f i e l d  by 
c o m p a riso n s  o f  s t r a t i g r a p h i c  l o c a t i o n ,  b ed  t h i c k n e s s e s ,  ab u n d an ce  o f  ' 
p l a n t  d e b r i s ,  w e a th e r in g  c h a r a c t e r i s t i c s ,  an d  i n t e r n a l  and  e x t e r n a l  
s t r u c t u r e s .  Some b e d s  w ere  a l s o  sam p led  and  s la b b e d  t o  a l lo w  a  m ore 
d e t a i l e d  c o m p a riso n  o f  th e  i n t e r n a l  s t r u c t u r e s .  F ig u r e  4 i l l u s t r a t e s  
some o f  t h e s e  c o r r e l a t e d  sam p le s  and  a  t a b l e  a t  th e  en d  o f  A ppend ix  A 
l i s t s  a l l  o f  th e  b e d s  and  s e q u e n c e s  f o r  w h ich  c o r r e l a t i o n s  a r e  f a i r l y  
c e r t a i n .
The o n ly  s e c t i o n  a b o u t w h ich  t h e r e  i s  any  d o u b t w ith  r e s p e c t  t o  
c o r r e l a t i o n  i s  s e c t i o n  OK-4 0 . I t  a p p e a r s  t o  im m e d ia te ly  o v e r l i e  t h e  
to p s  o f  s e c t i o n s  OK-19 and  QK-4 by  v i r t u e  o f  i t s  p h y s i c a l  l o c a t i o n  and 
a t t i t u d e  ( s e e  F ig u r e  3 ) .  I f  t h i s  i s  t r u e ,  s e c t i o n  0K-40 m ust f o r  t h e  
l a r g e  p a r t  b e  c o r r e l a t e d  w ith  a  s lum ped  i n t e r v a l  above s e c t i o n  OK- 4 .
T h is  s lum ped  i n t e r v a l  o u tc r o p s  on  b o th  s i d e s  o f  t h e  h ighw ay  above
F ig u r e  4 .  S am p les  fro m  c o r r e l a t e d  b e d s  in  m e asu re d  s e c t i o n s  OK-19 
(b  an d  d ) an d  0K -20 ( a  and  c ) .  N o te  s i m i l a r i t i e s  i n  c a rb o n a c e o u s  
c o n t e n t ,  b ed  th i c k n e s s  an d  ty p e s  o f  s e c o n d a ry  s t r u c t u r e s .  ( A l l  
s c a l e s  in  c e n t im e te r s )
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s e c t io n  OK-4 and an e x a m in a t io n  o f  th e s e  o u tc ro p s  show s t h a t  th e  d e g re e  
o f  d e fo rm a tio n  d e c r e a s e s  c o n s id e r a b ly  t o  th e  w es t ( F ig u r e  5 ) .  I t  i s  n o t  
u n l ik e ly  t h a t  t h e  slum p may h a v e  d ie d  o u t  o r  t h e  p la n e  o f  f a i l u r e  
c lim b ed  u p - s e c t i o n  b e f o r e  p r o g r e s s in g  f a r  enough t o  t h e  w est t o  a f f e c t  
th e  sand  b ed s  p r e s e r v e d  in  s e c t i o n  OK-4 0 .
A m easu re  o f  t h e  d e g re e  o f  c o r r e l a t i o n  b e tw een  s e c t i o n s  can  be com­
p u te d  by e x p r e s s in g  t h e  th i c k n e s s  o f  c o r r e l a t i v e  b e d s  an d  bed se q u e n c e s  
a s  a  p e r c e n ta g e  o f  t h e  t o t a l  t h i c k n e s s  o f  s e c t i o n  i n  t h e  o u tc ro p .  S ec ­
t i o n  OK-2 0  i s  th u s  44 p e r c e n t  c o r r e l a t i v e  w ith  s e c t i o n  OK-19 and s e c t io n  
OK-19 i s  40  p e r c e n t  c o r r e l a t i v e  w ith  OK-4. The p r o b le m a t i c  r e l a t i o n s h i p  
o f  OK-40 p r e c lu d e s  t h e  p r a c t i c a l  a p p l i c a t i o n  o f  t h i s  te c h n iq u e .
T hese v a lu e s  p r o b a b ly  u n d e r e s t im a te  th e  a c t u a l  p e r c e n ta g e  o f  b ed s  
w hich o c c u r  in  m ore th a n  o n e  o u tc ro p  b e c a u se  many o f  t h e  sand  b e d s , 
e s p e c i a l l y  th e  t h i n n e r  o n e s  ( l e s s  th a n  0 .2  m ), w ere  s u f f i c i e n t l y  
s i m i l a r  t h a t  d i f f e r e n t i a t i o n  fro m  one o u tc ro p  t o  t h e  n e x t  i s  v i r t u a l l y  
im p o s s ib le .  In  s p i t e  o f  t h i s  d i f f i c u l t y ,  low  c o r r e l a t i o n  v a lu e s  among 
o u tc ro p s  s u g g e s t  t h a t ,  a l th o u g h  l a t e r a l  ch a n g e s  o v e r  s e v e r a l  m e te rs  
w ith in  an o u tc ro p  a r e  n o t  e x tre m e , c h a n g e s  o v e r  s e v e r a l  t e n s  o f  m e te rs  
betw een  o u tc r o p s  can  b e  s i g n i f i c a n t .  B ecau se  a l l  o f  t h e  o u tc ro p s  f a l l  
on an e a s t - w e s t  t r e n d i n g  l i n e  (F ig u r e  3 ) ,  p a r a l l e l  w i th  t h e  g e n e ra l  
p a l e o c u r r e n t  d i r e c t i o n ,  t h e s e  l a t e r a l  c h a n g e s  be tw een  o u tc ro p s  s u g g e s t  
dow nslope c h a n g e s  i n  t h e  p r o c e s s e s  aiid r a t e  o f  d e p o s i t i o n  o f  i n d i v id u a l  
s e d im e n ta t io n  u n i t s .
L i th o lo g y
A p p ro x im a te ly  100 sa m p le s  w ere  c o l l e c t e d  from  th e  f o u r  s tu d ie d  o u t ­
c r o p s .  The l o c a t i o n s  o f  t h e s e  sam p le s  a r e  shown on th e  m easu red  s e c t io n s
F ig u r e  5 .  Slum ped i n t e r v a l  l y i n g  s t r a t i g r a p h i c a l l y  abo v e  m e a su re d  
s e c t i o n  OK-4. Slum ped i n t e r v a l  i s  e x p o se d  o n  b o th  s i d e s  o f  t h e  r o a d -  
c u t  and  show s s u b s t a n t i a l  d i f f e r e n c e s :  ( a )  e a s te r n m o s t  e x p o s u r e  i s  a
g e n e r a l l y  hom ogeneous san d y  m u d sto n e  w i th  s m a l l  b le b s  o f  c o n t o r t e d  
s a n d s to n e ;  (b )  w e s te rn m o s t e x p o s u re  i s  a  m ore n e a r l y  e q u a l  m i x tu r e  o f  
m u d s to n e  and  h ig h l y  c o n t o r t e d ,  b u t  l a r g e  b e d s  o f  s a n d s to n e .
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(A ppend ix  A) and d e s c r i p t i o n s  o f  th e  sa m p le s  a r e  g iv e n  in  A ppend ix  B.I
S ix ty  t h i n  s e c t i o n s  from  40 o f  th e  sa m p le s  w ere  p r e p a r e d  and  d a t a  from  
th e s e  t h i n  s e c t i o n s  a r e  a l s o  g iv e n  in  A ppend ix  B.
Most o f  t h e  s a n d s to n e  i s  a r g i l l a c e o u s ,  q u a r t z - r i c h ,  and  f i n e - t o -  
v e ry  f i n e - g r a i n e d .  The a v e ra g e  g r a in  s i z e  f o r  a l l  o f  t h e  sam p le s  
exam ined  in  t h i n  s e c t i o n  i s  3 .0 7  0 ( .1 2  mm) and t h e  a v e ra g e  m a tr ix  
c o n te n t  i s  17.4% .
B ased  on v i s u a l  e s t i m a t e s ,  a l l  o f  t h e  sam p le  c o n ta in  m ore th a n  95% 
q u a r t z  g r a i n s ,  m o s tly  common q u a r t z  w ith  up t o  a  few  p e r c e n t  p o ly c r y s ­
t a l l i n e  m e g a q u a r tz  and  c h e r t  g r a i n s .  T ra c e  am oun ts  o f  m u s c o v i te ,  
f e l d s p a r  (up  to  1 o r  2 p e r c e n t ) ,  c a rb o n iz e d  p l a n t  d e b r i s  (up  t o  1 o r  2 
p e r c e n t ) ,  and  z i r c o n  and  to u rm a l in e  a r e  p r e s e n t  i n  m o st s a m p le s . The 
am ount o f  p l a n t  d e b r i s  i s  p ro b a b ly  som ewhat u n d e r e s t im a te d  a s  t h i s  m a te ­
r i a l  shows a  te n d a n c y  t o  b e  p lu c k e d  d u r in g  t h i n  s e c t i o n  p r e p a r a t i o n .  
T h e re  w ere  no  v e r t i c a l  o r  o t h e r  s y s te m a t ic  v a r i a t i o n s  in  c o m p o s i t io n  
n o te d  fro m  t h e  t h i n  s e c t i o n  e x a m in a t io n s ,  a l th o u g h  m a c ro sc o p ic  o b s e r v a ­
t i o n s  s u g g e s t  t h a t  t h e r e  may be a  c o r r e l a t i o n  b e tw e e n  ab u n d an c e  o f  
p l a n t  d e b r i s  and b e d d in g  ty p e .
Two d i f f e r e n t  a g e n ts  s e rv e  to  b in d  t h e  s a n d  g r a i n s  t o g e th e r :  
q u a r t z  o v e rg ro w th s  and c l a y  m in e r a ls .  T h e i r  r e l a t i v e  ab u n d an c e  v a r i e s  
from  sam ple  t o  sam p le  and from  p la c e  t o  p l a c e  w i th in  some i n d i v i d u a l  
t h i n  s e c t i o n s .  In  g e n e r a l ,  s a n d s to n e s  cem en ted  w i th  q u a r t z  o v e rg ro w th s  
a r e  w e l l - i n d u r a t e d  w h ile  th o s e  bound p r i m a r i l y  w i th  c l a y  ra n g e  from  
m o d e ra te ly  in d u r a t e d  t o  f r i a b l e .  E x c e p t io n a l ly ,  c la y -b o u n d  w e l l -  
i n d u r a t e d  s a n d s to n e s  do o c c u r .
The c la y  o c c u r s  b o th  a s  r im s  c o a t in g  t h e  s a n d  g r a i n s  and in  p o c k e ts  
o r  p a t c h e s  i n  th e  i n t e r s t i c e s  betw een  th e  g r a i n s .  The r im - c o a t in g  c l a y
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i s  g e n e r a l l y  t r a n s l u c e n t  w i th  a  p a l e  g re e n  o r  y e llo w  c o l o r ,  a l th o u g h  in  
p l a c e s  i t  i s  n e a r ly  o p aq u e  w here s t a i n e d  by i r o n .  The c la y  w h ich  o c c u r s  
i n  p o c k e ts  o r  p a tc h e s  i s  g e n e r a l l y  a  h e te ro g e n e o u s  p a s t e  w ith  adm ixed 
s i I t - s i z e d  m a t e r i a l .
T h e re  i s  some s u g g e s t io n  o f  an in c r e a s e  in  p e r c e n ta g e  o f  c l a y  
m a t r ix  upw ards from  t h e  b a s e  o f  t h e  s e c t i o n s  ( s e e  A ppend ix  A ). T h ere  
i s  a l s o  a  good c o r r e l a t i o n  be tw een  bed  ty p e s  and m a tr ix  p e r c e n t .
T e x t u r a l l y ,  th e  s a n d s to n e s  a r e  v e ry  f i n e - g r a i n e d  and m o d e ra te ly  to  
v e r y  w e l l  s o r t e d .  The g r a i n s  a r e  g e n e r a l l y  e q u a n t t o  su b e q u a n t an d , 
w h e re  th e  o r i g i n a l  g r a in  b o u n d a r ie s  can  be  s e e n ,  th e  g r a i n s  a r e  ro u n d ed  
t o  su b ro u n d e d . T h ere  i s  a  te n d a n c y  to w a rd s  a  d e c r e a s e  i n  g r a in  s i z e  
u p w ard s  in  th e  s e c t i o n  ( s e e  A pp en d ix  A) from  a ro u n d  2 .5  0  i n  lo w e r  
b e d s  t o  3 .0  0  n e a r  th e  to p .
S e d im e n ta ry  S t r u c t u r e s
P r im a ry  S t r u c t u r e s
The p r im a ry  s t r u c t u r e s  b r o a d ly  f a l l  i n t o  t h r e e  d i f f e r e n t  c l a s s e s :
(1 )  f l a t  la m in a t io n s ;  (2 )  c r o s s - l a m i n a t i o n s ;  and (3 )  s o l e  m a rk s . F l a t  
l a m in a t io n s  a r e  f u r t h e r  d i s t i n g u i s h e d  i n t o  two g e n e t i c a l l y  d i f f e r e n t  
t y p e s ;  th o s e  h e r e  r e f e r r e d  t o  as  p l a n a r  la m in a t io n s  a r e  i n t e r p r e t e d  to  
h a v e  b een  d e p o s i t e d  by  u p p e r  f lo w  reg im e  c u r r e n t s  w ith  th e  t r a c t i o n  
lo a d  b e in g  t r a n s p o r t e d  in  th e  p la n e  bed  fo rm  (S im o n s, N ord in  and 
R ic h a rd s o n , 1965) and th o s e  r e f e r r e d  t o  a s  p a r a l l e l  la m in a t io n s  a r e  
i n t e r p r e t e d  to  h av e  been  d e p o s i t e d  by lo w er f lo w  reg im e  c u r r e n t s  (A l le n ,  
1 9 6 8 ) .  C r o s s - l a m in a t io n s  o c c u r  a s  c l im b in g  r i p p l e s  and  s m a l l - s c a l e  
t r o u g h  c r o s s - s e t s .  The s o l e  m arks in c lu d e  f l u t e  c a s t s  and  t o o l  m a rk s .
F ig u r e  6 .  P l a n a r  l a m in a t io n  in  B d i v i s i o n  o f  t u r b i d i t e  (sa m p le  0K -4RL- 
3 3 ) .  N o te  p r e s e n c e  o f  t h i n ,  s t r u c t u r e l e s s  zo n e  a t  b a s e  and  s m a l l  s c a l e ,  
f e s t o o n - s t y l e  c r o s s - l a m i n a t i o n s  a t  t o p .  ( S c a le  i n  c e n t im e te r s )
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F ig u r e  7 .  P a r a l l e l  l a m in a t io n s  (1 )  i n  D d i v i s i o n  a t  t o p  o f  t u r b i d i t e  
(sa m p le  O K -20R I.-10). The p a r a l l e l  l a m in a t io n s  a r e  i n t e r p r e t e d  t o  h a v e  
b e e n  i n i t i a l l y  h o r i z o n t a l  an d  s u b s e q u e n t ly  d e fo rm e d  in  r e s p o n s e  t o  m ove­
m e n ts  w i th i n  t h e  u n d e r ly i n g ,  l i q u e f i e d  zo n e  ( 2 ) .  ( S c a le  i n  c e n t i m e t e r s )
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F ig u r e  8 .  (1 )  T ype A an d  (2 )  Type B c l im b in g  r i p p l e  c r o s s - l a m i n a t i o n s
( A l le n ,  1 9 7 0 a) in  sam p le  0K -20R L -13. N o te  d e v e lo p m e n t o f  s m a l l  c o n v o lu ­
t i o n s  i n  some o f  t h e  ty p e  B r i p p l e s  and th e  g e n e r a l  a b u n d a n c e  o f  
c a r b o n iz e d  p l a n t  d e b r i s .  ( S c a le  i n  c e n t im e te r s )
P
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P la n a r  la m in a t io n s  a r e  th e  m ost common v a r i e t y  o f  f l a t  la m in a t io n  
and  th e y  a p p e a r  i n  c r o s s - s e c t i o n  a s  f i n e  d a rk  l i n e s  s e p a r a te d  by  w id e r ,  
l i g h t - c o l o r e d  zo n es  ( F ig u re  6 ) .  The d a rk  l i n e s  r e p r e s e n t  t h i n ,  p a r a l l e l  
z o n e s  r i c h  in  a r g i l l a c e o u s  and f i n e  o r g a n ic  m a t e r i a l .  The l i g h t - c o l o r e d  
zo n e s  r a n g e  from  o ne  to  g r e a t e r  th a n  te n  m i l l i m e t e r s  in  th i c k n e s s  and 
a r e  com posed o f  r e l a t i v e l y  c l a y - f r e e  s a n d . F r a c tu r e s  p a r a l l e l  t o  b e d ­
d in g  commonly show p a r t i n g  l i n e a t i o n s .
The i n t e r p r e t a t i o n  o f  u p p e r  f lo w  re g im e  i s  b a se d  on th e  p r e s e n c e  o f  
p a r t i n g  l i n e a t i o n s  (S im o n s, e t  a l ,  1965) and  on p o s i t i o n  w i th in  th e  b e d ; 
p l a n a r  l a m in a t io n s ,  a lm o s t w i th o u t  e x c e p t io n ,  a r e  e i t h e r  above s t r u c t u r e ­
l e s s  i n t e r v a l s  o r  b e low  c r o s s - l a m in a te d  i n t e r v a l s .
P a r a l l e l  la m in a t io n s  a r e  much l e s s  common th a n  p la n a r  la m in a t io n s  
and h av e  n o t  b een  o b s e rv e d  undefo rm ed  by p o s t - d e p o s i t i o n a l  f lo w a g e .
They a r e  commonly r i c h  in  o r g a n ic  d e b r i s  and  o v e r l i e  -c o n v o lu te d  
c r o s s - l a m i n a t i o n s  ( F ig u r e  7 ) .
C l im b in g - r ip p le  c r o s s - l a m i n a t i o n  was t h e  m ost common p r im a ry  s t r u c ­
t u r e  o b s e rv e d  in  t h e  s tu d y  a r e a .  The c r o s s - l a m i n a t i o n s  a r e  o f  th e  ty p e  
A o r  B o f  A lle n  (1 9 7 0 a) w h ich , r e s p e c t i v e l y ,  show e i t h e r  no p r e s e r v a t i o n  
o f  th e  s t o s s  la m in a t io n s  and  s h a rp  c o n t a c t s  be tw een  s e t s  o r  p r e s e r v a t io n  
o f  t h i n  s t o s s  la m in a t io n s  w ith  g r a d a t i o n a l  c o n t a c t s  be tw een  s e t s  
(F ig u r e  8 ) .  M easured  n o rm al t o  th e  b a s e  o f  t h e  b e d , t h e  r i p p l e s  ra n g e  
in  h e i g h t  fro m  one t o  f i v e  c e n t im e te r s  and  show a  v e ry  low a n g le  o f  
c l im b . C r o s s - l a m in a te d  i n t e r v a l s  a r e  u s u a l l y  f a i r l y  r i c h  in  c a rb o n iz e d  
o r g a n ic  d e b r i s  an d , a lm o s t w ith o u t  e x c e p t io n ,  t h e  c r o s s - l a m in a t io n s  
become o v e r s te e p e n e d  and  c o n v o lu te d  upw ards w i th in  a  b ed .
F e s t o o n - s t y l e  c r o s s - l a m i n a t i o n s  w ere  o n ly  o b s e rv e d  in  a s s o c i a t i o n  
w ith  p l a n a r  l a m in a t io n s .  Most commonly th e y  o c c u r  a t  t h e  to p s  o f
p la n a r - l a m in a t e d  i n t e r v a l s ,  b u t  in  o ne  in s t a n c e  th e y  w ere  o b s e rv e d  w i th ­
in  su ch  an i n t e r v a l  (F ig u r e  9 ) .  The b a s a l  c o n t a c t  i s  a lw ay s  s c o u re d  
and th e  v e r t i c a l  s c a l e  o f  t h e  c r o s s - l a m i n a t i o n s  i s  g e n e r a l l y  in  th e  
ra n g e  o f  tw o t o  f o u r  c e n t im e te r s .
S o le  m a rk in g s  w ere  o b s e rv e d  on th e  b a s e s  o f  a  l a r g e  num ber o f  t h e  
s a n d s to n e  b e d s  i n  t h e  s tu d y  a r e a .  They w ere  d i s t i n g u i s h e d ,  f o r  r e c o r d ­
in g  p u r p o s e s ,  i n t o  f l u t e  c a s t s  and  t o o l  m a rk s . They showed no a p p a r e n t  
r e l a t i o n s h i p  w i th  e i t h e r  t h e  i n t e r n a l  s t r u c t u r e s  o r  t h e  c o m p o s itio n  
o f  th e  s u b s e q u e n t ly  d e p o s i t e d  s a n d .
S eco n d a ry  S t r u c t u r e s
F o u r  g e n e r a l  c a t e g o r i e s  o f  s e c o n d a ry  s t r u c t u r e s  h a v e  b een  r e c o g ­
n iz e d  in  t h e  s a n d s to n e  b e d s  o f  t h e  s tu d y  a r e a .  They a r e  (1 )  c o n v o lu te  
l a m in a t io n s ,  (2 )  s e c o n d a ry  o r  c o n s o l i d a t i o n  (Lowe, 1975) la m in a t io n s ,
(3 ) p i l l a r  s t r u c t u r e s ,  and  (4 )  s o f t - s e d im e n t  f a u l t s .  T h e re  a r e  s e v e r a l  
ty p e s  i n  e a c h  o f  t h e s e  c a t e g o r i e s  a s  l i s t e d  i n  T a b le  1 and d is c u s s e d  
b e low .
C o n v o lu te  L a m in a t io n s . C o n v o lu te  l a m in a t io n s  r e s u l t  when e a r l i e r -  
fo rm ed  s t r u c t u r e s  a r e  s h e a re d  and  d i s t o r t e d .  The e a r l i e r - f o r m e d  s t r u c ­
t u r e s  may b e  n o rm a l c u r r e n t  s t r u c t u r e s  a s  i n  ty p e s  A and  B o r  th e y  may 
be  o f  unknown o r i g i n  a s  i n  ty p e  C.
Type A c o n v o lu te  l a m in a t io n s  a lw ay s  in v o lv e  c l im b i n g - r i p p l e  c r o s s ­
l a m in a t io n s .  Two v a r i e t i e s  o f  t h i s  ty p e  h a v e  b een  n o te d .  Type A - l 
r e s u l t s  fro m  a  s im p le  o v e r s te e p e n in g  o r  o v e r tu r n i n g  o f  t h e  r i p p l e  s e t s .  
The d e fo rm a tio n  may be  r e s t r i c t e d  t o  t h e  to p  s e t  o r  i t  may in v o lv e  
s e v e r a l  s e t s  ( F ig u r e  1 0 a ) . W here s e v e r a l  s e t s  a r e  in v o lv e d ,  t h e  s c a l e  
o f  d e fo rm a tio n  a lm o s t  a lw a y s  i n c r e a s e s  u p w ard s . In  some in s t a n c e s  t h e
C o n v o lu te  L a m in a tio n
A. D eform ed c l l m b i n g - r l p p l e  c r o s s - l a m in a t io n
1 . O v e rs te e p e n e d  t o  o v e r tu r n e d
2 . L a t e r a l l y  a l t e r n a t i n g  a n t i f o r m s  and  sy n fo rm s
B. D eform ed p l a n a r  o r  p a r a l l e l  la m in a t io n s
C. E a r ly - fo rm e d  s t r u c t u r e s  o f  unknown ty p e  a p p e a r in g  a s . l o b e s  
and  p o c k e t s  o f  m ixed  r e l a t i v e l y  c l e a n  sa n d  an d  c l a y - r i c h  
sa n d
S econdary  L a m in a t io n s
A. D ark  ( c l a y - e n r i c h e d )  p r im a ry  la m in a t io n s
B. D ish  s t r u c t u r e s
C. C la y - e n r ic h e d  p i l l a r  b o u n d a r ie s
D. The lo w e r  e d g e s  o f  some lo b e s  and  p o c k e ts  o f  ty p e  C 
c o n v o lu t io n s
P i l l a r s  (n o m e n c la tu re  a f t e r  Lowe, 1975a)
A. S m all p i l l a r s  d e f in e d  by  t h e  u p tu rn e d  m a rg in s  o f  
s e c o n d a ry  la m in a t io n s  (Type A)
B. L a rg e  i r r e g u l a r  p i l l a r s  u s u a l l y  c r o s s - c u t t i n g  e a r l i e r -  
fo rm ed  s t r u c t u r e s  (T ype B)
C. D i f f u s e ,  v e r t i c a l  s t r e a k s  i n  o th e r w is e  s t r u c t u r e l e s s  san d  
a t  t h e  t o p s  o f  some b e d s  ( f r e e  s u r f a c e  p i l l a r s )
D. N arrow , l i g h t - c o l o r e d ,  v e r t i c a l  c u r t a i n s  o f  s a n d , commonly 
o c c u r r i n g  i n  p a r a l l e l  s e t s  ( s t r e s s  p i l l a r s )
F a u l t s
A. V e r t i c a l  f a u l t  p la n e s
B. H o r iz o n ta l  f a u l t  p l a n e s
T a b le  1 . D e s c r i p t i v e  c l a s s i f i c a t i o n  o f  s e c o n d a ry  s t r u c t u r e s  
o b s e rv e d  i n  W ild h o r s e  M o u n ta in  F o rm a tio n .
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F ig u r e  9 . F e s t o o n - s t y l e  c r o s s - l a m i n a t i o n s .  ( a )  T he  m ost common o c c u r ­
r e n c e  i s  s c o u re d  i n t o  t h e  t o p  o f  s im p le  t u r b i d i t e s  sh o w in g  B a n d  C 
d i v i s i o n s  o n ly  (1  an d  2 r e s p e c t i v e l y ) . U nnum bered sam p le  f ro m  s e c t i o n  
OK-4. (b )  L e ss  commonly f e s t o o n - s t y l e  c r o s s - l a m i n a t i o n s  a r e  fo u n d  i n
t u r b i d i t e s  show ing  m u l t i p l e  s e q u e n c e s  o f  B and  C d i v i s i o n s  (1  a n d  2 ) .  
Sam ple 0K-20RL-21A. ( S c a le  i n  c e n t im e te r s )
F ig u r e  1 0 . Type A - l  c o n v o lu te  l a m in a t io n ,  ( a )  O v e rs te e p e n e d  t o  s l i g h t ­
ly  o v e r tu r n e d  c r o s s - l a m i n a t i o n s  a t  t h e  to p  o f  a  t u r b i d i t e .  N o te  t h a t  
th e  lo w e r  r i p p l e - s e t s  show v e r y  l i t t l e  f lo w a g e .  F a i n t  d i s h  s t r u c t u r e s  
a r e  p r e s e n t  on some o f  t h e  s t o s s - l a m i n a t e d  i n t e r v a l s .  Sam ple 0K -4R L -25. 
(b )  E x tre m e ly  d e fo rm e d  c r o s s - l a m i n a t i o n s  h a v e  f lo w e d  o u t  t o  fo rm  a  
n a p p e - l i k e  f e a t u r e  n e a r  t h e  c e n t e r  o f  t h i s  i l l u s t r a t i o n .  C r o s s - l a m in a ­
t i o n s  b e lo w  a r e  s l i g h t l y  o v e r tu r n e d ,  p e rh a p s  i n  r e s p o n s e  t o  d r a g  
e x e r t e d  by t h e  n a p p e - l i k e  f e a t u r e  and  c r o s s - l a m i n a t i o n s  im m e d ia te ly  
ab o v e  a r e  u n d e fo rm e d . Top o f  b ed  i s  c h a r a c t e r i z e d  by t h e  ty p e  A-2 
c o n v o lu te  l a m i n a t i o n s .  N o te  t h e  ab u n d an c e  o f  c a rb o n a c e o u s  m a t e r i a l ,  
e s p e c i a l l y  i n  t h e  m ore h e a v i l y  d e fo rm e d  z o n e s .  Sam ple 0K -19R L-26.
( S c a l e  in  c e n t i m e t e r s )
o v e r tu r n in g  i s  so  e x tre m e  t h a t  n a p p e - l ik e  f e a t u r e s  a r e  fo rm ed  (F ig u re  
1 0 b ) .
Type A-2 c o n v o lu te  l a m in a t io n s  a r e  t h e  p r o d u c t  o f  a  n e a r - v e r t i c a l l y  
o r i e n t e d  d e f o r m a t io n ,  r e s u l t i n g  i n  t h e  fo r m a t io n  o f  a  s e r i e s  o f  a n t i ­
c l i n e s  and s y n c l i n e s  and  t y p i c a l l y  a f f e c t i n g  s e v e r a l  s e t s .  The 
a n t i c l i n e s  a r e  g e n e r a l l y  c h a r a c t e r i z e d  by  an ab u n d an c e  o f  c a rb o n a c e o u s  
d e b r i s  and in v o lv e  t h e  r i p p l e  c r e s t s  and  l e e  l a m in a t io n s  (F ig u re  1 1 ) .
Type B c o n v o lu t io n s  r e p r e s e n t  d efo rm ed  f l a t  l a m in a t io n s ,  w hich  may 
be  e i t h e r  p a r a l l e l  o r  p l a n a r .  In  a l l  c a s e s  w here  t h i s  ty p e  o f  c o n v o lu ­
t i o n  was o b s e r v e d ,  t h e  f l a t  la m in a t io n s  a p p e a r  t o  h a v e  b e e n  b e n t  o r  
b u lg e d  upw ard s  i n  r e s p o n s e  t o  m ovem ents i n  s u b ja c e n t  c r o s s - la m in a te d  o r  
s t r u c t u r e l e s s  s a n d s  ( F ig u r e  1 2 ) .
Type C c o n v o lu t io n s  a r e  t h o s e  d e v e lo p e d  w h ere  p r im a ry  o r  e a r l i e r -  
fo rm ed  s t r u c t u r e s  c a n n o t b e  i d e n t i f i e d .  They show a  com plex  m ix in g  o f  
r e l a t i v e l y  c l a y - f r e e  s a n d  and c l a y - r i c h  sa n d  u s u a l l y  i n  t h e  fo rm  o f  . 
lo b e s  o r  p o c k e ts  ( F ig u r e  1 3 ) .  T h is  ty p e  o f  c o n v o lu t io n  h a s  n o t  been  
o b s e rv e d  in  any  b e d s  w h ich  show n o rm a l c u r r e n t  s t r u c t u r e s .
S eco n d ary  L a m in a t io n s .  S eco n d a ry  la m in a t io n s  ( e q u iv a le n t  t o  c o n ­
s o l i d a t i o n  l a m in a t io n s  o f  Lowe, 1975) i n  t h e  W ild h o rs e  M ountain  F o rm a tio n  
a r e  v e ry  t h i n  « 1  mm) c l a y - e n r i c h e d  l a m in a t io n s .  They a r e  a s s o c ia t e d  
w ith  t h i n  z o n e s  o f  r e l a t i v e l y  c l a y - f r e e  s e d im e n t.  F o u r  ty p e s  a r e  
r e c o g n iz e d .
Type A s e c o n d a ry  la m in a t io n s  a r e  p r im a ry  p l a n a r  o r  c r o s s - l a m in a t io n s  
w h ich  a r e  e n r i c h e d  i n  c l a y  r e l a t i v e  t o  a s s o c i a t e d ,  n o rm a l p r im a ry  la m in a ­
t i o n s .  They a r e  r e c o g n iz e d  by  b e in g  d a r k e r  i n  c o l o r  th a n  t h e i r  n e ig h b o rs
and  by b e in g  u n d e r l a in  by a  zo n e  o f  l i g h t e r - c o l o r e d ,  r e l a t i v e l y  c l a y - f r e e  
s e d im e n t ( F ig u r e  1 4 ) .  They a r e  o c c a s i o n a l l y  p u n c tu a te d  by sm a ll (Type A)
F ig u r e  11 . T ype A -2 c o n v o lu te  la m in a t io n  i n v o l v in g  p r im a r i l y  v e r t i c a l  
movement i n  c r o s s - l a m i n a t e d  s e d im e n ts .  A rrow s show t h e  r e l a t i v e  m ove­
m ent o f  c a rb o n a c e o u s  d e b r i s - r i c h  l e e  l a m in a t io n s .  L iq u e f a c t io n  i n  t h e  
s e d im e n t i s  s u g g e s te d  by t h e  p r e s e n c e  o f  d i s h  an d  p i l l a r  s t r u c t u r e s .  
N o te  i n c l i n e d  an d  r e l a t i v e l y  u n d efo rm ed  l a m in a t io n s  d o w n stream , t o  t h e  
r i g h t ,  o f  t h e  c e n t r a l  a n t i f o r m .  Sam ple O K -20RL-10. ( S c a le  i n  c e n t i ­





F ig u r e  1 2 . T ype B c o n v o lu te  l a m i n a t i o n s ,  ( a )  D e fo rm a tio n  o f  t h e  p l a n a r  
l a m in a te d  B d i v i s i o n  o f  t h i s  t u r b i d i t e  a p p e a r s  t o  h a v e  b e e n  i n  r e s p o n s e  
t o  m ovem ents i n  t h e  A d i v i s i o n .  L i q u e f a c t io n  i s  s u g g e s te d  b y  t h e  
p r e s e n c e  o f  d i s h  s t r u c t u r e s  ( s m a l l  a r r o w s ) .  The t im e  o f  d e f o r m a t io n  and  
l i q u e f a c t i o n  a p p e a r s  t o  h a v e  b een  d u r in g  th e  d e p o s i t i o n  o f  t h e  B d i v i s i o n  
a s  e v id e n c e d  b y  t h e  s m a l l  g ro w th  f a u l t  ( l a r g e  a rro w ) w h ich  d i e s  o u t  w i t h ­
i n  t h e  B d i v i s i o n .  Sam ple 0K -19R L -20. N o te  t h e  g e n e r a l  t h i c k e n i n g  o f  
i n t e r v a l s  i n  t h e  down th ro w n  s i d e  o f  t h e  f a u l t ,  (b )  P a r a l l e l  l a m in a t io n s  
o f  t h e  D d i v i s i o n  o f  t h i s  t u r b i d i t e  a p p e a r  to  h av e  b een  d e fo rm e d  in  
r e s p o n s e  t o  t h e  l i q u e f i e d  o r  f l u i d i z e d  i n j e c t i o n  o f  s e d im e n t f ro m  th e  
u p p e r  p a r t  .o f t h e  u n d e r ly in g  C d i v i s i o n .  L iq u e f a c t io n  i s  s u g g e s te d  
th r o u g h o u t  t h e  C d i v i s i o n  by t h e  a b u n d a n c e  o f  d i s h  (1 )  an d  p i l l a r  
s t r u c t u r e s  (2 )  an d  l o c a l  f l u i d i z a t i o n  i s  s u g g e s te d  by t h e  e r o s i o n  o f  
th e  u n d e r s id e  o f  t h e  d e fo rm e d  p a r a l l e l  la m in a t io n s  ( l a r g e  a r r o w ) .  Sam ple 
0K -20R L -10. ( S c a le  i n  c e n t i m e t e r s )
F i g u r e  1 3 . L iq u e f i e d  f lo w  d e p o s i t  sh o w in g  ty p e  C c o n v o lu te  l a m in a t io n s  
( i n  z o n e  l a b e l l e d  1 n e a r  t o p ) ;  ty p e  D s e c o n d a ry  la m in a t io n s  ( 2 ) ;  an d  
ty p e  D o r  s t r e s s  p i l l a r s  ( 3 ) .  Sam ple 0K -19R L-2. ( S c a le  i n  c e n t i m e t e r s )
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F ig u r e  1 4 .  T ype A s e c o n d a ry  l a m in a t io n s  (1 )  in  sam p le  0K -19RL-8 fro m  t h e  
lo w e r  p a r t  o f  a  v e r y  t h i c k  t u r b i d i t e .  T he u n e n r ic h e d ,  n o rm a l l a m in a t io n s  
(2 )  a r e  f a i n t e r  t h a n  t h e  e n r i c h e d  l a m in a t io n s  and n o t  u n d e r l a in  by a  zo n e  
o f  c l e a n  s e d im e n t .  N o te , a l s o ,  t h e  p r e s e n c e  o f  s m a l l  ty p e  A p i l l a r s  (3 )  
w h ich  a r e  o c c a s i o n a l l y  o v e r l a i n  by  a  v e r y  l o c a l i z e d  a r e a  o f  c l a y  e n r i c h ­
m ent ( 4 ) .  ( S c a l e  i n  c e n t im e te r s )
p i l l a r s  ( F ig u r e  1 4 ) .  They ra n g e  in  le n g th  fro m  l e s s  th a n  a  c e n t im e te r  
on  some c r o s s - l a m i n a t i o n s  t o  g r e a t e r  th a n  t e n  c e n t im e te r s  on p l a n a r  
l a m in a t io n s .  They t e r m in a t e  l a t e r a l l y  by  g r a d in g  i n t o  n o rm a l la m in a ­
t i o n s ,  by  p in c h in g  o u t ,  o r  by c u rv in g  up and m e rg in g  w ith  t h e  o v e r ly in g  
l a m in a t io n .  They a r e  f r e q u e n t ly  a s s o c i a t e d  w ith  and  a r e  p ro b a b ly  
common p r e c u r s o r s  t o  ty p e  B s e c o n d a ry  la m in a t io n s .
T ype B s e c o n d a ry  la m in a t io n s  a r e  t h i n ,  d a r k - c o lo r e d ,  s u b - h o r i z o n ta l  
t o  h o r i z o n t a l ,  c o n c a v e -u p w a rd s , c l a y - r i c h  la m in a t io n s .  L a m in a t io n s  o f  
t h i s  ty p e  w ere  te rm e d  d is h  s t r u c t u r e s  by W entw orth  ( S t a u f f e r ,  1965) and 
b o th  W entw orth  (1 9 6 6 , 1967) and  S t a u f f e r  (1 9 6 5 , 1967) d e s c r ib e d  t h e s e  
f e a t u r e s  fro m  m a ss iv e  s a n d s to n e s  w i th i n  f l y s c h  u n i t s  o f  w e s te rn  
C a l i f o r n i a .  D. R. Lowe f i r s t  r e c o g n iz e d  d is h  s t r u c t u r e s  i n  t h e  J a c k f o r k  
G roup and  th e y  w ere  s u b s e q u e n t ly  r e p o r t e d  by L o P ic c o lo  (1973 ) and  
L o P ic c o lo  and  Lowe (1 9 7 3 ) .  Lowe and L o P ic c o lo  (1 9 7 4 ) o f f e r e d  a  
d e t a i l e d 'd e s c r i p t i o n  w hich  i s  sum m arized  be lo w  a s  i t  a p p l i e s  t o  th e  
W ild h o rs e  M oun ta in  F o rm a tio n  o c c u r r e n c e s .
D ish  s t r u c t u r e s  may b e  p a r t i a l l y  c o n t r o l l e d  b y , s u p e rp o s e d  o n , o r  
c o m p le te ly  in d e p e n d e n t o f  e a r l i e r - f o r m e d  s t r u c t u r e s  ( F ig u r e  1 5 ) .  
I n d i v i d u a l  la m in a t io n s  a r e  g e n e r a l l y  c l e a n ,  s h a rp  l i n e s  much l e s s  th a n  
one m i l l i m e t e r  t h i c k  and  v a ry  in  l e n g th  from  l e s s  th a n  o n e  to  o v e r  te n  
c e n t i m e t e r s .  The la m in a t io n s  a r e  g e n e r a l l y  u n d e r la in  by up t o  a  few  
m i l l i m e t e r s  o f  c l e a n ,  s t r u c t u r e l e s s  san d  and o v e r l a i n  by  r e l a t i v e l y  
c l a y - r i c h  sa n d  in  w h ich  e a r l i e r - f o r m e d  s t r u c t u r e s  may b e  p r e s e r v e d ,  
u n a f f e c t e d  by  t h e  d i s h  s t r u c t u r e  fo rm a t io n  ( F ig u r e  1 5 b ) .
D ish  s t r u c t u r e s  may be  r e l a t i v e l y  b ro a d  and  f l a t  o r  s t r o n g l y  
c u rv e d  w ith  m a rg in s  t h a t  e x te n d  v e r t i c a l l y  th ro u g h  s e v e r a l  m i l l i m e t e r s  
o f  o v e r ly i n g  s e d im e n t ( F ig u r e  1 6 a ) .  A d ja c e n t d i s h e s  may s h a r e  a  common
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F ig u r e  15 . 'T y p e  B s e c o n d a ry  la m in a t io n s  o r  d i s h  s t r u c t u r e s ,  ( a )  Unnum­
b e re d  t u r b i d i t e  sam p le  fro m  s e c t i o n  OK-20. Lower p a r t  o f  sam p le  shows 
num erous ty p e  A la m in a t io n s  and  o c c a s io n a l  s m a ll  d i s h e s  (1 )  d e v e lo p e d  in  
t h e  p l a n a r  la m in a te d  B d i v i s i o n  w h ile  th e  u p p e r  p a r t  show s m ore a b u n d a n t, 
l a r g e r  d i s h e s  (1 )  c l e a r l y  s u p e rp o s e d  on th e  c r o s s - l a m i n a t i o n s  o f  th e  C 
d i v i s i o n .  T h is  sam p le  a l s o  shows ab u n d an t ty p e  A p i l l a r s  (2 )  and th e  
to p  5 c e n t im e te r s  show w e l l  d e v e lo p e d  f r e e  s u r f a c e  o r  ty p e  C p i l l a r s .
(b )  P a r t  o f  a t u r b i d i t e  sam p le  (OK-20RL-10) show ing  ty p e  A (1 )  and ty p e  
B (2 )  s e c o n d a ry  la m in a t io n s  in  c r o s s - l a m in a te d  s e d im e n t,  ( c )  P r o f u s e ,  
s m a l l ,  and c l o s e l y  sp a c e d  d i s h e s  fro m  n e a r  th e  m id d le  o f  a  t h i c k ,  c le a n  
t u r b i d i t e .  N o te  th e  c o m p le te  a b s e n c e  o f  any  p r im a ry  s t r u c t u r e s .  Sam ple 
0K -19R L-4. (d )  L a rg e , w id e ly  s p a c e d  d i s h  s t r u c t u r e s  s u p e rp o s e d  on v ag u e  
c o n v o lu te  l a m in a t io n s .  Sam ple OK-20RL-4. (S c a le  in  c e n t im e te r s )
/
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F ig u r e  1 6 . ( a )  S t r o n g ly  c u rv e d  d i s h e s  t e r m i n a t i n g  l a t e r a l l y  i n  ty p e  A
p i l l a r s  w i th  w e l l  d e v e lo p e d  ty p e  C l a m in a t io n s .  Sam ple 0K -20R L-16 f ro m  
a m a lg am a ted  b e d  i n  s e c t i o n  2 0 . (b )  Two g e n e r a t i o n s  o f  d i s h e s  s u g g e s te d
by c r o s s - c u t t i n g  r e l a t i o n s h i p s  o f  tw o v a r i e t i e s  o f  d i s h e s .  The f i r s t  
d i s h e s  were, t h e  s m a l l e r  o n e s  w i th  t h i n  t o  n o n e x i s t e n t  z o n es  o f  c l e a n  
s e d im e n t  b e n e a th  th em  ( 1 ) .  The se c o n d  g e n e r a t io n  in c lu d e s  t h e  b r o a d ,  
f l a t  d i s h e s  w i th  w e l l  d e f in e d  zo n e s  o f  c l e a n  s e d im e n t ( 2 ) .  A rrow s a t
(3 )  h i g h l i g h t  a  s m a l l  p i l l a r  c o n n e c te d  w i th  a  se c o n d  g e n e r a t io n  d i s h  
c u t t i n g  th ro u g h  a  f i r s t  g e n e r a t i o n  d i s h .  Sam ple OK-20RL-14. ( S c a le  in  
c e n t i m e t e r s )
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t e r m in a t io n  fo rm in g  a  p e a k , o r  s m a l l  p i l l a r  (F ig u re  1 6 b ) ,  o r  th e y  may
! ,
. be s e p a r a t e d  by up to  s e v e r a l  m i l l i m e t e r s  o f  s t r u c t u r e l e s s  san d
( F ig u r e  1 5 d ) . O c c a s io n a l  sam p les  show ing  d is h  s t r u c t u r e s  in  p la n  v iew
( s e e  Lowe and L o P ic co lO , 1974, p .  485) r e v e a l  a  p o ly g o n a l  p a t t e r n  o f
r i d g e s  fo rm ed  by th e  u p tu rn e d  d is h  m arg in  s e p a r a t i n g  s h a l lo w  co n ca v e
d e p r e s s io n s  fo rm ed  by th e  b a s e s  o f  t h e  d is h  s t r u c t u r e  l a m in a t io n s .
Type C s e c o n d a ry  la m in a t io n s  a r e  fo rm ed  a t  th e  e d g e s  o f  s m a l l  
Type A p i l l a r s  o f  Lowe (1 9 7 5 ) . T hese  p i l l a r s  form  e x c l u s i v e l y  in  
c o n ju n c t io n  w ith  e i t h e r  Type A ( F ig u r e  14) o r  Type B ( F ig u r e  16) 
s e c o n d a ry  la m in a t io n s  ( s e e  f o l lo w in g  s e c t i o n  on P i l l a r s ;  F ig u r e  17; and 
Lowe, 1975, p . 1 6 9 ) .  The Type C se c o n d a ry  la m in a t io n  i s  s im p ly  a  v e r t i ­
c a l  e x t e n s io n  o f  t h e  Type A o r  B la m in a t io n .
Type D s e c o n d a ry  la m in a t io n s  fo rm  in  c o n ju n c t io n  w ith  Type C 
c o n v o lu t io n s .  They o c c u r  on th e  lo w e r e d g e s  o f  w e l l - d e f i n e d  lo a d  lo b e s  
o r  p o c k e ts  w h ich  t y p i f y  th e  Type C c o n v o lu t io n s  (F ig u r e  1 3 ) .  Type D 
la m in a t io n s  h a v e  p r e v io u s l y  b een  r e f e r r e d  to  as  d is h  s t r u c t u r e s  (Lowe, 
1975 , F ig u re  12 , p . 1 8 1 ) , b u t  a  s e p a r a t e  c a te g o r y  i s  s u g g e s te d  f o r  th e  
r e a s o n  t h a t  t h e s e  la m in a t io n s  a p p e a r  t o  m ark th e  lo w er b o u n d a ry  o f  a  
s m a l l  u n i t  o f  s e d im e n t w hich  h a s  u n d e rg o n e  a  m arked i n t e r n a l  d e fo rm a ­
t i o n ,  a p p a r e n t ly  a t  t h e  same tim e  a s  th e  la m in a t io n  w as fo rm in g .  D ish  
s t r u c t u r e s ,  on t h e  o t h e r  h a n d , s l i c e  th ro u g h  a s s o c i a t e d  la m in a t io n s  
( c o n v o lu te d  o r  o th e r w is e )  and do n o t  a p p e a r  t o  h av e  b e e n  a  f a c t o r  in  
e i t h e r  t h e  f o r m a t io n  o r  d e fo rm a tio n  o f  th e  a s s o c i a t e d  la m in a t io n s .
P i l l a r  S t r u c t u r e s . P i l l a r  s t r u c t u r e s  o c c u r  a s  s m a l l  (<1 mm) to  
l a r g e  ( s e v e r a l  cm) s u b v e r t i c a l  t o  v e r t i c a l  colum ns o r  c u r t a i n s  o f  
s e d im e n t .  They c u t  th ro u g h  and o b l i t e r a t e  e a r l i e r - f o r m e d  s t r u c t u r e s  and
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h a v e  s h a r p ,  f r e q u e n t ly  c l a y - e n r ic h e d  b o u n d a r ie s  w ith  th e  s u r r o u n d in g  
s e d im e n t .  The te rm  " p i l l a r "  was a p p l i e d  t o  th e s e  s t r u c t u r e s  by  W entw orth  
(1 9 6 6 ) and  a  c l a s s i f i c a t i o n  o f  p i l l a r  s t r u c t u r e s  o f f e r e d  by  Lowe (1 9 7 5 ) .
The f o l lo w in g  d i s c u s s io n  f o l lo w s  L o w e 's  c l a s s i f i c a t i o n ,  a s  i t  a p p l i e s  
t o  t h e  W ild h o rs e  M oun ta in  F o rm a tio n  o c c u r r e n c e s .
Type A p i l l a r s  c o n s i s t  o f  s m a l l  c u r t a i n s  o f  hom ogenous, r e l a t i v e l y  
c l e a n  s a n d  e x te n d in g  up  th ro u g h  ty p e  A o r  B se c o n d a ry  l a m in a t io n s  
( F ig u r e s  14 and  16) and c o n n e c te d  w ith  t h e  zone o f  c le a n  san d  b e n e a th  
them . Type A p i l l a r s  a r e  bound by  ty p e  C s e c o n d a ry  la m in a t io n s  and  
r a n g e  i n  s i z e  fro m  a  few  m i l l i m e t e r s  t o  2 o r  3 c e n t im e te r s  ( F ig u r e  1 7 ) .
They t e r m i n a t e  upw ards e i t h e r  by  f a d in g  o u t  i n t o  th e  o v e r ly i n g  s e d im e n t 
o r  a b u t t i n g  a g a i n s t  an o v e r ly in g  s e c o n d a ry  la m in a t io n  ( F ig u r e  1 7 ) .  W ell 
d e v e lo p e d  ty p e  A p i l l a r s  fo rm  a  p o ly g o n a l  n e tw o rk  in  th e  h o r i z o n t a l  
p la n e  w i th  t h e  b a s e  o f  t h e  p o ly g o n s  fo rm ed  by  th e  a s s o c i a t e d  ty p e  A o r  
B s e c o n d a ry  la m in a t io n s  (Lowe, 1975, p .  1 6 9 ) .
Type B p i l l a r s  a r e  g e n e r a l l y  much l a r g e r  th a n  ty p e  A p i l l a r s  and 
u n r e l a t e d  t o  any  s e c o n d a ry  la m in a t io n s .  They commonly c u t  c l e a n l y  
th ro u g h  any  e a r l i e r - f o r m e d  s t r u c t u r e s  an d  a r e  com posed o f  r e l a t i v e l y  
c l e a n ,  f a i n t l y  s t r u c t u r e d  (F ig u r e  1 8 a) o r  hom ogenous (F ig u r e  1 8 b ) s a n d .
In  th r e e - d im e n s io n  th e s e  p i l l a r s  may ta k e  t h e  form  o f  f a i r l y  r e g u l a r  
co lu m n s , b u t  m ore commonly th e y  a r e  s in u o u s  to  i r r e g u l a r l y  sh a p e d  (Lowe,
1 9 7 5 ) . L a r g e r  ty p e  B p i l l a r s  g e n e r a l l y  o r i g i n a t e  a t  o r  n e a r  th e  b a s e  
o f  th e  b ed  and  may e x te n d  upw ards f o r  many c e n t im e te r s ,  f r e q u e n t l y  t o  
t h e  to p  o f  t h e  b e d .
T ype C, o r  f r e e  s u r f a c e  p i l l a r s  (Lowe, 1 9 7 5 ), a r e  r e s t r i c t e d  i n  
t h e i r  o c c u r r e n c t  t o  th e  t o p s  o f  s e d im e n ta t io n  u n i t s  and a r e  c h a r a c t e r i z e d  
by d i f f u s e  v e r t i c a l  t o  s t e e p l y  i n c l i n e d  s t r e a k s .  T hese  p i l l a r s  a r e
F ig u r e  1 7 .  W e ll d e v e lo p e d  ty p e  A p i l l a r s  (1 )  bound b y  ty p e  C la m in a t io n s  
(2 )  w h ic h  in  t u r n  a r e  v e r t i c a l  e x t e n s i o n s  o f  t h e  a s s o c i a t e d  d i s h e s  o r  
ty p e  B s e c o n d a r y  la m in a t io n s  ( 3 ) .  N o te  t h e  t r u n c t i o n  o f  f a i n t ,  low  a n g le  
c r o s s - l a m i n a t i o n s  (4 )  by  t h e  p i l l a r s  c l e a r l y  i n d i c a t i n g  a  s e c o n d a ry  
o r i g i n  f o r  t h e  p i l l a r s .  Sam ple 0K -4R L -22b. (S c a le  i n  c e n t i m e t e r s )
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F ig u r e  1 8 . T ype B p i l l a r s  i n  t u r b i d i t e s  sh o w in g  w e l l  d e v e lo p e d  p r im a ry  
s t r u c t u r e s ,  ( a )  L a rg e ,  f a i n t l y  s t r u c t u r e d  p i l l a r  o r i g i n a t i n g  a t  t h e  b a s e  
o f  an d  c u t t i n g  c l e a n l y  th ro u g h  t u r b i d i t e  sh o w in g  c l im b in g  r i p p l e  c r o s s -  
l a m in a t io n s  o n ly .  T h is  sam p le  (O K-20RL-12) w as c o l l e c t e d  im m e d ia te ly  
ab o v e  a  b ed  sh o w in g  a b u n d a n t d i s h  s t r u c t u r e s  ( s e e  F ig u r e  1 6 a ) .  (b )
S m a l le r ,  ty p e  B p i l l a r  o r i g i n a t i n g  fro m  w i th i n  t h e  A d i v i s i o n  o f  a  
t u r b i d i t e  and  c u t t i n g  th ro u g h  th e  p l a n a r  l a m in a t io n s  o f  th e  B d i v i s i o n .  
S am ple  OK-20RL-5. ( S c a le  i n  c e n t im e te r s )
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uncommon in  t h e  s tu d y  a r e a  and th e  o n ly  good exam ple  i s  i l l u s t r a t e d  in  
F ig u re  16a. A c c o rd in g  to  Lowe (1 9 7 5 ) n o n -c o h e s iv e  s e d im e n ts  a r e  a 
f a c t o r  in  th e  fo rm a t io n  o f  f r e e  s u r f a c e  p i l l a r s .  T h is  may e x p la in  
t h e i r  p a u c i ty  i n  t h e  s tu d y  a r e a ;  m ost o f  t h e  b e d s  a r e  r e l a t i v e l y  c l a y -  
r i c h  (>10% m a t r i x ) ,  e s p e c i a l l y  i n  th e  u p p e r  few  c e n t im e te r s  o f  th e  b ed .
Type D p i l l a r s ,  o r  s t r e s s  p i l l a r s  (Lowe, 1 9 7 5 ) , i n v a r i a b l y  o c c u r  
in  s e t s  and a p p e a r  a s  l i g h t - c o l o r e d ,  v e r t i c a l  s t r e a k s  1 . t o  5 c e n t im e te r s  
h ig h  and  o n e - h a l f  t o  2 c e n t im e te r s  a p a r t  ( F ig u r e  13 and  1 9 a ) .  In  p la n  
v iew  th e y  may e x te n d  f o r  up to  50 c e n t im e te r s  ( F ig u r e  1 9 b ) , m a in ta in in g  
a  m o r e - o r - l e s s  c o n s ta n t  a t t i t u d e .  S u c c e s s iv e  s e t s ,  h o w ev er, may be 
o r i e n t e d  a t  n e a r l y  r i g h t  a n g le s  t o  e a c h  o t h e r  ( F ig u r e  1 9 a ) .
S t r e s s  p i l l a r s  a r e  r a t h e r  uncommon f e a t u r e s  and  w ere  o b s e rv e d  o n ly  
in  c l a y - r i c h  b e d s  c h a r a c t e r i z e d  by w e l l  d e v e lo p e d  Type C c o n v o lu t io n s .
No s t r e s s  p i l l a r s  w ere  o b s e rv e d  in  a s s o c i a t i o n  w ith  any p r im a ry  c u r r e n t  
s t r u c t u r e s .
S o f t-S e d im e n t F a u l t s . Two v a r i e t i e s  o f  s o f t - s e d im e n t  f a u l t s  h av e  
been  o b s e rv e d  i n  t h e  s tu d y  a r e a ;  b o th  a r e  r e l a t i v e l y  uncommon. One 
v a r i e t y  i s  s u b - p a r a l l e l  w ith  th e  bed  s u r f a c e  and  c u t s  Type A c o n v o lu ­
t i o n s  ( F ig u re  2 0 ) .  T h ese  f a u l t s  ra n g e  fro m  1 t o  5 c e n t im e te r s  in  
l e n g th  and  a r e  commonly m arked by  a  t h i n  c l a y - r i c h  la m in a t io n .
The o th e r  v a r i e t y  was n o te d  o n ly  o n c e  and  i s  i l l u s t r a t e d  in  F ig u re
13 . T h is  f a u l t  o r i g i n a t e d  in  th e  A d i v i s i o n  (Bouma, 1962) o f  a t u r b i d -
i
i t e ,  c u t  s e v e r a l  o f  t h e  p l a n a r  l a m in t io n s  i n  t h e  o v e r ly i n g  d i v i s i o n  a t  
a  h ig h  a n g le ,  and  d ie d  o u t  b e f o r e  r e a c h in g  t h e  s u r f a c e  o f  t h e  b ed .
F ig u r e  1 9 . T ype D o r  s t r e s s  p i l l a r s ,  ( a )  Sam ple (0K -19R L -2) fro m  
l i q u e f i e d  f lo w  d e p o s i t  show ing  w e l l  d e v e lo p e d  s t r e s s  p i l l a r s .  S l i c e  
i n t e r s e c t e d  p i l l a r s  i n  zo n e  1 a t  a  v e r y  low  a n g le  r e s u l t i n g  i n  a  sm ea re d  
a p p e a r a n c e ,  w h i le  t h o s e  i n  zone  2 a r e  m ore n e a r l y  a t  r i g h t  a n g le s  t o  t h e  
c u t  a n d  a p p e a r  a s  s h a r p  v e r t i c a l  l i n e s ,  (b )  C u t p a r a l l e l  t o  b e d d in g  
fro m  sam e sam p le  a s  ( a )  show ing  p a r a l l e l i s m  and  l a t e r a l  e x t e n t  o f  
i n d i v i d u a l  p i l l a r s .  ( S c a le  in  c e n t im e te r s )
F ig u r e  2 0 .  H o r i z o n ta l  f a u l t s  i n  C d i v i s i o n  o f  a  t u r b i d i t e .  N o te  th e  
c l a y - e n r i c h e d  la m in a t io n  a lo n g  e a c h  f a u l t  an d  t h e  u n ifo rm  s e n s e  o f  d i  
p la c e m e n t .  Sam ple OK-20RL-13. ( S c a le  i n  c e n t i m e t e r s )
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B ed d in g  Types
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Based on v a r i a t i o n s  i n  t h e  k in d s  o f  s e d im e n ta r y  s t r u c t u r e s  p r e s e n t ,  
s i x  d i f f e r e n t  ty p e s  o f  s a n d s t o n e  b e d s  a r e  r e c o g n i z e d  w hich  show th e  
f o l l o w i n g  f e a t u r e s :
(1 )  P r im a ry  s t r u c t u r e s  o n l y ;
(2) P r im a ry  s t r u c t u r e s  w i th  s e c o n d a r y  s t r u c t u r e s  s u p e r p o s e d ;
(3) A l t e r n a t i n g  z o n e s  o f  p l a n a r  l a m i n a t i o n s ,  d i s h e s ,  and  1 
s t r u c t u r e l e s s  z o n e s ;
(4 )  D ish  s t r u c t u r e s  o n l y ;
(5 )  TyP© C c o n v o l u t i o n s  and  s t r e s s  p i l l a r s  o n ly ;
(6 )  No s t r u c t u r e s  o r  v ag u e  p a r t i n g  p l a n e s  o n ly .
Types 1 th r o u g h  5 a r e  g e n e r a l l y  l e s s  th a n  one  m e te r  t h i c k  w i th  w e l l -  
d e f i n e d  t o p s  and b o t to m s .  Type 6 b e d s  may h a v e  w e l l - d e f i n e d  b o u n d a r i e s ,  
b u t  o c c u r  up t o  s e v e r a l  m e t e r s  i n  t h i c k n e s s .  F l u t e  c a s t s  h a v e  been  
o b s e r v e d  on th e  b a s e s  o f  a l l  e x c e p t  Type 5 .
T e x t u r a l l y ,  t y p e s  1 t h r o u g h  4 a r e  a l l  v e r y  s i m i l a r ,  c l e a n  (<20 and 
com m only<15% m a t r i x ) ,  v e r y  f i n e - g r a i n e d  s a n d s  w i th  a  s l i g h t ,  b u t  
d e f i n i t e ,  i n c r e a s e  i n  m a t r i x  a n d  d e c r e a s e  i n  g r a i n - s i z e  upw ards  w i t h i n  
t h e  b e d .  T hese  ty p e s  a r e  u s u a l l y  v e r y  w e l l  cem en ted  and a p p e a r  l i g h t  
g r e y  t o  t a n  i n  c o l o r .  Types 1 and  2 f r e q u e n t l y  show an a b u n d an c e  o f  
c a r b o n i z e d  p l a n t  d e b r i s ,  e s p e c i a l l y  i f  c l im b i n g  r i p p l e s  o r  p a r a l l e l  
l a m i n a t i o n s  a r e  p r e s e n t .
B edding  t y p e s  5 and 6 a r e  a l s o  composed o f  v e r y  f i n e - g r a i n e d  s an d ,  
b u t  a r e  g e n e r a l l y  c l a y - r i c h  (>20 and  commonly >30% ). They r a n g e  from  
p o o r l y - t o - w e l l - c e m e n t e d  and a r e  medium t o  l i g h t  g r a y  i n  c o l o r .
/
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Type 1 b e d s  w hich show o n l y  p r im a r y  s t r u c t u r e s  can  be  d e s c r i b e d  
in  te rm s  o f  p a r t i a l  Bouma (1962) s e q u e n c e s .  The m ost common show B 
o n ly  o r  B-C d i v i s i o n s  ( F ig u r e s  2 1 a  and  9 ) ,  a l th o u g h  A-B o r  A-B-C 
s e q u e n c e s  h a v e  b een  o b s e rv e d  ( F i g u r e  2 1 b ) .
Type 2 b e d s  a r e  among t h e  m os t common i n  t h e  s tu d y  a r e a .  The p r i ­
mary s t r u c t u r e s  in  t h e s e  beds  can  a g a i n  be  d e s c r i b e d  i n  t e rm s  o f  p a r t i a l  
Bouma s e q u e n c e s  and t h e  beds  d i f f e r  f ro m  ty p e  1 b e d s  o n ly  by t h e  p r e s ­
e n c e  o f  s e c o n d a r y  s t r u c t u r e s .  W ith  t h e  e x c e p t i o n  o f  t y p e  C c o n v o l u t i o n s  
and  s t r e s s  p i l l a r s ,  a l l  o f  t h e  p r e v i o u s l y  d e s c r i b e d  s e c o n d a ry  s t r u c t u r e s  
can  be  o b s e r v e d  i n  b e d s  o f  t h i s  t y p e  ( F i g u r e s  10 , 12 , 16, and 2 0 ) .
Type 3 b e d s  a r e  g e n e r a l l y  t h i c k  ( . 3  o r  .4  t o  > 1 m e te r )  and i n c l u d e  
t h r e e  s u b d i v i s i o n s  c h a r a c t e r i z e d  by d i f f e r e n t  s e d im e n ta r y  s t r u c t u r e s  
( F ig u r e  2 2 ) .  The s u b d i v i s i o n s  a r e :  ( 1 )  a  s t r u c t u r e l e s s  zone ; (2 )  a
d i s h  s t r u c t u r e d  zone and (3) a  p l a n a r  l a m in a t e d  z o n e .  The d i s h  s t r u c ­
t u r e d  zo n e  i n  some b e d s  shows b r o a d  f l a t  d i s h e s  a t  t h e  b a s e  g r a d i n g  up 
*
i n t o  s m a l l e r ,  more concave  d i s h e s  a t  t h e  t o p  ( F ig u r e  2 2 ) .  T h e re  a p p e a r s  
t o  be no r e g u l a r  a r ran g em en t  o f  t h e s e  s u b d i v i s i o n s ,  a l th o u g h  t h e  s e ­
q u e n c e  f ro m  a  b a s a l  s t r u c t u r e l e s s  zo n e  c o n t a i n i n g  o r  o v e r l a i n  by b r o a d  
d i s h e s  g r a d i n g  up i n t o  s t r o n g l y  c o n c a v e  d i s h e s  i n  t u r n  o v e r l a i n  by 
p l a n a r  l a m i n a t i o n s  a p p e a r s  to  be r e l a t i v e l y  common ( F ig u r e  2 3 a ) .  U s u a l ly  
t h e s e  b e d s  h a v e  a  zone  o f  p l a n a r  l a m i n a t i o n s  a t  t h e i r  t o p s  ( F i g u r e s  22 
and 2 3 a ) , b u t  o c c a s i o n a l l y  th e y  a r e  c a p p e d  by a  s t r u c t u r e l e s s  zone  o r  
o ne  w i th  d i s h  s t r u c t u r e s  (F ig u re  2 3 b ) .
Type 4 b e d s  a r e  a lm o s t  e x c l u s i v e l y  d i s h  s t r u c t u r e d .  Some show 
s t r u c t u r e l e s s  o r  f a i n t l y - s t r u c t u r e d  z o n e s  ( F i g u r e  2 4 ) ,  o r  b ro a d  f l a t
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d i s h e s  s u p e r p o s e d  on s m a l l e r  h i g h l y  c o n c a v e  d i s h e s  ( F ig u r e  1 6 b ) .
F i g u r e  2 1 .  .Type 1 s a n d s to n e  b e d s  s h o w in g  p r im a r y  s t r u c t u r e s  o n l y ,  ( a )  
Sam ple OK-19RL-21 show ing  a  v e r y  t h i c k  i n t e r v a l  o f  p l a n a r  l a m i n a t i o n s  
w i t h  a  t h i n  « o n e  o f  c r o s s - l a m i n a t i o n s  a t  t h e  t o p .  (b )  Sam ple  0K-19RL-25 
s h o w in g  a  v e r y  t h i n  zone  o f  p l a n a r  l a m i n a t i o n s  above  a  zo n e  o f  s t r u c t u r e ­
l e s s  s e d im e n t  a n d  be low  a  zone  o f  c r o s s - l a m i n a t i o n s .  ( S c a l e  in  c e n t i m e ­
t e r s )
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F i g u r e  2 2 .  Type 3  s a n d s t o n e  b e d  sh o w in g  zo n e s  o f  p l a n a r  l a m i n a t i o n s  a t  
t h e  b a s e  and  t o p  o f  t h e  b e d  w i t h  a  zone  o f  d i s h  s t r u c t u r e s  i n  t h e  m id d le .  
Sam ple  0K -20RL-20. ( S c a l e  i n  c e n t i m e t e r s )
F i g u r e  2 3 .  ( a )  Type 3 s a n d s t o n e  b e d  sh o w in g  a  t y p i c a l  s e q u e n c e  o f
p l a n a r  l a m i n a t i o n s ,  s t r u c t u r e l e s s  s e d im e n t ,  d i s h  s t r u c t u r e s ,  an d  p l a n a r  
l a m i n a t i o n s  f ro m  b o t to m  t o  t o p .  Sam ple  OK-20RL-17. (b )  Type 3 s a n d ­
s t o n e  b e d  w i t h  d i s h  s t r u c t u r e s  a t  t h e  t o p .  Sam ple 0K -20RL-18. ( S c a l e  
i n  c e n t i m e t e r s )
F i g u r e  2 4 .  Type 4 s a n d s t o n e  b e d s  show ing  d i s h  s t r u c t u r e s  o n l y .  
Sam ple OK-20RL-14. (b )  Sam ple 0K -4R L-41. ( S c a l e  i n  c e n t i m e t e r s )
Type 5 b e d s  a r e  r e l a t i v e l y  uncommon in  t h e  s tu d y  a r e a .  In  a d d i t i o n  
to  a  h ig h  m a t r i x  c o n t e n t ,  ty p e  C c o n v o l u t i o n ,  and s t r e s s  p i l l a r s ,  t h e s e  
beds  a r e  c h a r a c t e r i z e d  by s i g n i f i c a n t  l a t e r a l  c h an g e s  in  bed  t h i c k n e s s  
( F ig u r e  2 5 ) .  T h ic k n e s s  c h a n g e s  may be  g r a d u a l  o r  a b r u p t ,  and t h e  s e d i ­
m e n ta ry  s t r u c t u r e s  w here  t h e  b e d s  a r e  t h i n  can  be  s i m i l a r  t o  t h o s e  i n  
t h i c k e r  p a r t s ,  o r  th e y  may c o n s i s t  l a r g e l y  o f  o n ly  s l i g h t l y  d i s t u r b e d  
p r im a ry  c u r r e n t  s t r u c t u r e s .  The b a s a l  c o n t a c t s  o f  t h e s e  b e d s  w i t h  t h e  
u n d e r l y i n g  s h a l e s  a r e  g e n e r a l l y  s h a r p ,  and  i n  no i n s t a n c e s  w ere  s o l e  
m arks  o b s e r v e d .
Type 6 b e d s  a r e  e x t r e m e ly  common in  t h e  s tu d y  a r e a ,  e s p e c i a l l y  i n  
t h e  u p p e r  p a r t s  o f  s e c t i o n s  OK-4 and OK-19. The t h i c k  u n i t s  a t  t h e  
b a s e s  o f  t h e s e  s e c t i o n s  and t h e  c o r r e l a t i v e  u n i t s  i n  s e c t i o n  OK-20  a r e  
a l s o  ty p e  6 b e d s .  L ik e  ty p e  5 b e d s ,  t h e y  a r e  a h a r a c t e r i z e d  by  an 
abundance  o f  c l a y  m a t r i x .  They a r e  commonly s t r u c t u r e l e s s  o r  show o n ly  
o c c a s i o n a l  p a r t i n g  p l a n e s  ( F ig u r e  2 6 a ) . They i n f r e q u e n t l y  show v ag u e  
d i s h  s t r u c t u r e s  ( F i g u r e  2 6 b ) . F l o a t i n g  s h a l e  c h i p s  a r e  common n e a r  t h e  
to p s  o f  some b e d s  ( F i g u r e  27) and i n  some b ed s  i n t e r n a l  p a r t i n g  p l a n e s  
merge i n t o  l e n s e s  o f  s h a l e .  Some b e d s  show f l u t e  c a s t s  on t h e i r  b a s e s  
b u t  m ost b a s e s  a r e  f l a t  and s h a r p .  U n l ik e  t h e  o t h e r  t y p e s  o f  s a n d s to n e
b e d s ,  w hich  a r e  u s u a l l y  i n t e r b e d d e d  w i th  s h a l e s ,  t h e s e  b ed s  a r e
\
f r e q u e n t l y  s t a c k e d  o n e  upon a n o t h e r  w i t h  no i n t e r v e n i n g  s h a l e .
In a d d i t i o n  t o  a  w ide  v a r i e t y  o f  b e d d in g  t y p e s ,  c h a r a c t e r i z e d  by  
d i f f e r e n t  t e x t u r e  and  s t r u c t u r e ,  a  number o f  o t h e r  b e d d in g  f e a t u r e s  
o c c u r :
(1 )  am algam ated  b e d s  i n  w hich  a  s i n g l e ,  a p p a r e n t l y  m a s s iv e  u n i t  
g r a d e s  l a t e r a l l y  i n t o  s e v e r a l  w e l l - d e f i n e d  b e d s .
F i g u r e  2 5 .  O u tc r o p  e x p r e s s i o n s  o f  t y p e  5 s a n d s t o n e  b ed s  show ing  s h a r p  
l a t e r a l  t h i c k n e s s  v a r i a t i o n s ,  ( a )  P a r t  o f  m e a su re d  s e c t i o n  OK- 1 9 .  
A rrow s  show l o c a t i o n  o f  a  t y p e  5 bed  32 m e t e r s  above  t h e  b a s e  o f  t h e  
s e c t i o n  (A p p e n d ix  A ); s e e  a l s o  F i g u r e s  1 4 ,  2 0 ,  and  2 8 .  (b )  Type 5 b ed  
2 4 . 5  m e te r s  a b o v e  b a s e  o f  s e c t i o n  OK-2 0 ;  s e e  a l s o  F ig u r e  2 9 .  Pen i s  
a p p r o x i m a t e l y  1 5  c e n t i m e t e r s  l o n g .
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F i g u r e  2 6 .  S am p les  f ro m  t y p e  6 s a n d s t o n e  b e d s .  T h e s e  b e d s  a r e  commonly 
s t r u c t u r e l e s s  an d  show o n ly  o c c a s i o n a l  p a r t i n g  p l a n e s ,  a s  a t  t h e  t o p  an d  
b o t to m  o f  t h e  u p p e r  s a m p le .  ( a )  S am ples  0K-20RL-2 ( lo w e r )  a n d  OK-20RL-3 
( u p p e r ) ,  ( b )  Type 6 s a n d s t o n e  bed  sh o w in g  v e r y  f a i n t  d i s h  s t r u c t u r e s .  
Sample 0K -4R L -27 . ( S c a l e  i n  c e n t i m e t e r s )
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F i g u r e  2 7 .  E x p o s u re  o f  t h e  u p p e r  b e d d in g  s u r f a c e  o f  a  t y p e  6 s a n d s t o n e  
s h o w in g  t h e  w e a th e r e d  r e m n a n ts  o f  l a r g e  f l o a t i n g  s h a l e  c h i p s .  Bed 7 4 . 5  
m e t e r s  ab o v e  b a s e  o f  s e c t i o n  OK-4 .
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(2 )  p u l l - a p a r t s ,  o r  b e d s  w h ich  m a i n t a i n  a  f a i r l y  u n i f o r m  t h i c k n e s s
*
e x c e p t  f o r  zo n es  w hich  show an a b r u p t  n e c k in g ;
(3 )  s lum ped  i n t e r v a l s ;
(4 )  f l a m e - l i k e  i n t r u s i o n s  o f  s h a l e  i n t o  o v e r l y i n g  s a n d ;  and
(5 )  c h a n n e l s .
None o f  t h e s e  f e a t u r e s  i s  v e r y  common i n  t h e  s tu d y  a r e a  and  a l l  w ere  
o b s e r v e d  e i t h e r  a s  s i n g l e ,  u n iq u e  o c c u r r e n c e s  o r  r e s t r i c t e d  t o  one  o r  
tw o s t r a t i g r a p h i c  h o r i z o n s .
Amalgam ated b ed s  w ere  o b s e r v e d  i n  t h e  i n t e r v a l  t o  6 m e te r s  above
t h e  b a s e  o f  s e c t i o n  OK- 2 0 .  A s e r i e s  o f  s am p les  th r o u g h  t h e  am algam ated
zo n e  r e v e a l e d  w e l l - f o r m e d  d i s h e s  ( F i g u r e  16a) i n  a l l  e x c e p t  t h e  t o p  few  
*
c e n t i m e t e r s ,  w h ich  was s t r u c t u r e l e s s .  The d i s h e s  show a  f a i r l y  r e g u l a r  
p r o g r e s s i o n  f ro m  b r o a d  an d  w id e ly  s p a c e d  n e a r  t h e  b a s e  t h r o u g h  v e r y  c o n ­
c a v e  and  c l o s e l y  s p a c e d .  N ear  t h e  t o p  t h e  d i s h e s  become f a i n t  and  g r a d e  
i n t o  t h e  s t r u c t u r e l e s s  zo n e .  A long  s t r i k e ,  t o  t h e  w e s t ,  t h e  u n i t  b r e a k s  
up i n t o  a  s e r i e s  o f  b e d s ,  e a c h  up t o  a  few  t e n s  o f  c e n t i m e t e r s  i n  t h i c k ­
n e s s ,  w i t h  w e l l - d e f i n e d  t o p s  and  b o t to m s  and s e p a r a t e d  by t h i n  s h a l e  b e d s .
The p u l l - a p a r t  bed  i s  i l l u s t r a t e d  in  F ig u r e  25b and  o c c u r s  24^  me­
t e r s  above  t h e  b a s e  o f  s e c t i o n  OK-2 0 .  The a t t i t u d e  o f  t h e  r u p t u r e  i s  
m o r e - o r - l e s s  n o r t h - s o u t h  o r  p e r p e n d i c u l a r  t o  t h e  i n f e r r e d  p a l e o s l o p e .  The 
i n t e r v a l  can  b e  d e s c r i b e d  i n  t e rm s  o f  t h r e e  l a t e r a l l y  a d j a c e n t  s e g m e n ts .  
The u p - s t r e a m  ( e a s t e r n m o s t )  s e c t i o n  o f  t h e  bed  i s  a p p r o x im a te ly  15 c e n t i ­
m e te r s  t h i c k  and i s  composed o f  c l e a n ,  we11-cem en ted ,  v a g u e ly  l a m in a t e d  
s a n d s t o n e .  T h i s  g r a d e s  s h a r p l y ,  b u t  u n i f o r m ly  t o  t h e  w e s t  i n t o  a t h i n  
( 2 - 3  c e n t i m e t e r s )  p a r a l l e l - t o  c r o s s - l a m i n a t e d  s i l t s t o n e  w h ich  e x t e n d s  
l a t e r a l l y  f o r  s e v e r a l  m e t e r s .  The s i l t s t o n e  g r a d e s  o v e r  a  few  c e n t i m e t e r s  
( F i g u r e  2 5 b )  i n t o  t h e  t h i r d  segm ent o f  t h e  b e d ,  a  ty p e  5 s a n d s t o n e  b e d .
Two s lum ped  i n t e r v a l s  o c c u r  i n  t h e  s tu d y  a r e a :  one i s  im m e d ia te ly
above t h e  m e a su re d  s e c t i o n  OK-4  and t h e  o t h e r  o c c u r s  w i t h i n  s e c t i o n  OK-4
ab o u t 64^ m e te r s  above th e  b a s e .  The f i r s t  s lum p, above s e c t i o n  O K -4 , i s
i l l u s t r a t e d  i n  F ig u r e  5 and o c c u r s  i n  o u t c r o p s  on b o th  s i d e s  o f  t h e  h i g h -
/
way. The s lum ped  i n t e r v a l  i s  c o m p le te ly  e x p o sed  in  b o th  o u t c r o p s  and i s  
s e v e r a l  m e te r s  t h i c k e r  i n  t h e  e a s t e r n  o u t c r o p .  The e a s t e r n  e x p o s u r e  
i s  p r e d o m i n a te ly  a  c l a y - r i c h  m uds tone  w i t h  a  few  i s o l a t e d  c h u n k s  o f  
c o n t o r e d  s a n d s t o n e .  The w e s te r n  e x p o s u r e  i s  a  more n e a r l y  e q u a l  m ix tu r e  
o f  m uds tone  and  s a n d s to n e s  and t h e  s a n d s to n e  b e d s ,  w h i l e  s t r o n g l y  c o n ­
t o r t e d ,  show a  g r e a t e r  d e g r e e  o f  p r e s e r v a t i o n  o f  o r i g i n a l  R edd ing  
f e a t u r e s  t h a n  t h o s e  t o  t h e  e a s t .
The s e c o n d  s lum ped  i n t e r v a l  i s  c o n s i d e r a b l y  s m a l l e r  th a n  t h e  f i r s t  
and i n v o l v e s  l e s s  t h a n  a  m e te r  o f  i n t e r b e d d e d  s a n d s to n e  and s h a l e  
( F ig u r e  2 8 ) .  The a x i a l  p l a n e s  o f  t h e  f o l d s  in  t h e  slump s t r i k e  N-30-E 
( a f t e r  c o r r e c t i o n  f o r  s t r u c t u r a l  t i l t )  w i th  o v e r t u r n i n g  t o  t h e  w e s t .
T h is  s lum p a l s o  shows a  m arked i n c r e a s e  in  t h e  l e v e l  o f  m ix in g  t o  th e  
e a s t  and w i t h i n  t h e  s p a c e  o f  s e v e r a l  m e te r s  t h e  w hole i n t e r v a l  g r a d e s  
i n t o  a  zone  o f  s t r u c t u r e l e s s ,  m ixed s a n d ,  s i l t ,  and c l a y .
Flam e s t r u c t u r e s ,  fo rm ed  by  t h e  i n t r u s i o n  o f  c l a y  i n t o  o v e r l y i n g  
sa n d ,  o c c u r  i n  s e c t i o n  OK-1 9  68 m e te r s  above  i t s  b a s e .  The s h a l e  
a p p e a r s  s i m i l a r  t o  o t h e r  s h a l e s  i n  t h e  s e c t i o n  and i s  c l e a n ,  d a r k  g r a y ,  
and w e l l  l a m i n a t e d .  The s a n d s to n e  u n i t  i s  a  s e r i e s  o f  f o u r  t y p e  6 s a n d ­
s t o n e  b e d s  s e p a r a t e d  by w e l l - d e f i n e d  b e d d in g  p l a n e s .  The f l a m e s  o c c u r  
i n  two d i f f e r e n t  p l a c e s  and a f f e c t  a l l  b u t  t h e  t o p  o n e - q u a r t e r  o f  t h e  
s a n d s to n e  u n i t .  The f la m e s  a r e  r a t h e r  s in u o u s  and t e n d  t o  a c c e n t u a t e  
t h e  b e d d in g  p l a n e s .  T here  a p p e a r s  t o  h a v e  been  some m in o r  f lo w a g e  o f  
s e d im e n t  w i t h i n  t h e  sa n d  b e d s  a d j a c e n t  t o  t h e  s h a l e  c o n t a c t s .
F i g u r e  2 8 .  S m a l l  s c a l e  s lum p  6 4 .5  m e te r s  a b o v e  b a s e  o f  s e c t i o n  OK- 4 .  
P a l e o c u r r e n t . d i r e c t i o n s  o f  n e a r b y  s a n d s t o n e s  a r e  f ro m  l e f t  t o  r i g h t .
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The c h a n n e l  i s  p a r t i a l l y  e x p o sed  in  s e c t i o n s  OK-4 a n d  OK-19 w i th  
t h e  s o u t h e r n  b o u n d a ry  o f  t h e  c h a n n e l  show ing in  OK-4 61 m e t e r s  above  
t h e  b a s e  and t h e  n o r t h e r n  b o u n d a ry  in  OK-19 62 m e te r s  a b o v e  t h e  b a s e .
The lo n g  a x i s  o f  t h e  c h a n n e l  t r e n d s  v e r y  n e a r l y  due E-W. The c h a n n e l  
i s  s c o u r e d  i n t o  a  s e r i e s  o f  t y p e  6 s a n d s to n e  b ed s  an d  i n  p l a c e s  t h e  
c h a n n e l  w a l l s  a r e  n e a r l y  p e r p e n d i c u l a r  t o  b e d d in g .  The b e d s  w i t h i n  
t h e  c h a n n e l  a r e  a l s o  m a in ly  t y p e  6 b e d s ,  a l th o u g h  o n e  b ed  shows p l a n a r  
and  c l i m b i n g  r i p p l e  c r o s s - l a m i n a t i o n s .
S t r a t i g r a p h i c  U n i ts
In  o r d e r  t o  s i m p l i f y  t h e  i n t e r p r e t a t i o n  o f  d e p o s i t i o n a l  e n v i r o n ­
m e n ts ,  t h e  s t u d i e d  s e c t i o n  was s u b d iv id e d  i n t o  sev en  d i f f e r e n c e  s t r a t i ­
g r a p h i c  u n i t s .  A l l  o f  t h e s e  u n i t s  h av e  a c e r t a i n  d e g r e e  o f  i n t e r n a l  
c o n s i s t e n c y  i n  t e rm s  o f  p r e d o m in a n t  b e d d in g  t y p e s  and  a r e  d i s t i n c t l y  
d i f f e r e n t  f ro m  t h e  im m e d ia te ly  u n d e r l y i n g  o r  o v e r l y i n g  u n i t s  ( T a b le  2 ) .  
The u n i t s  a r e  num bered  i n  o r d e r  f ro m  b o t to m  t o  t o p ;  t h e  r e a d e r  i s  r e f e r ­
r e d  t o  A ppend ix  A f o r  s p e c i f i c  b ed  d e s c r i p t i o n s .
U n i t  1 . T h is  u n i t  o c c u r s  o n ly  i n  s e c t i o n  0K-20 and e x t e n d s  f ro m  
t h e  b a s e  t o  a  d i s t a n c e  o f  7 m e t e r s  above t h e  b a s e .  Type 1 b e d s  a r e  
d o m in a n t  and th e y  a r e  w e l l - b e d d e d ,  g e n e r a l l y  l e s s  t h a n  5 c e n t i m e t e r s  
t h i c k ,  r e a c h i n g  a  maximum 50 c e n t i m e t e r s ;  and  c h a r a c t e r i z e d  by s h a r p  
b a s e s  and  f a i r l y  s h a r p  t o p s .  They a r e  g e n e r a l l y  s e p a r a t e d  by  1 t o  50 
c e n t i m e t e r s  o f  w e l l - l a m i n a t e d  s h a l e .  These  b ed s  a r e  u s u a l l y  c r o s s ­
l a m in a t e d  o r  p l a n a r  l a m in a t e d  o r  b o th .  Where b o th  s t r u c t u r e s  o c c u r ,  t h e  
c r o s s - l a m i n a t i o n s  o v e r l i e  t h e  p l a n a r  l a m i n a t i o n s .  Type 2 b e d s  a r e  




P re d o m in a te  
B edd ing  T ypes
6
(m in o r  1 and 2 )
1 and  2 
(m in o r  3 and  6)
s h a l e s  
(m in o r  1)
3 and 4 
(m in o r  5)
1 , 2 ,  3 and  4 
(m in o r  5)
O th e r  F e a t u r e s
C h a n n e l ,  s m a l l  s lum p, 
and f l a m e s  s t r u c t u r e s
P u l l - a p a r t  bed
2
1 1 and 2 
( m in o r  4 and  5)
A m algam ated  bed
T a b le  2 .  S t r a t i g r a p h i c  u n i t s .
About 3 m e te r s  above  t h e  b a s e  o f  u n i t  1 i s  a  ty p e  5 bed  c o n t a i n i n g  
c o n t o r t e d  s h a l e  l e n s e s  and u n d u l a t i n g  i n t e r n a l  b e d d in g  p l a n e s .  A . 
s e c o n d  ty p e  5 bed  and a s e r i e s  o f  am algam ated  b e d s  o c c u r  n e a r  t h e  to p  o f  
t h i s  u n i t .
U n i t  2 . T h i s  u n i t  i s  d o m in a ted  by t h i c k  s t r u c t u r e l e s s  t o  v a g u e ly  
l a m in a t e d ,  p o o r l y  t o  w e l l  l i t h i f i e d  ty p e  6 s a n d s to n e  b ed s  up t o  4 m e te r s  
t h i c k .  I t  o c c u r s  i n  a l l  t h r e e  o u t c r o p s :  f ro m  7 -1 2  m e te r s  above  b a s e ,  
s e c t i o n  0K-20; f ro m  0 -7  m e te r s  above  b a s e ,  s e c t i o n  OK-1 9 ;  and from  0 - 6 . 5  
m e te r s  above  b a s e ,  s e c t i o n  OK- 4 .  No s i g n i f i c a n t  v a r i a t i o n s  w ere  n o te d  
b e tw ee n  o u t c r o p s  w i th  t h e  e x c e p t i o n  o f  some f a i n t ,  l a r g e - s c a l e  c o n v o lu ­
t i o n s  l £  m e te r s  h ig h  i n  one  bed in  s e c t i o n  OK-4.
U n i t  3 . T h is  u n i t  a l s o  o c c u r s  i n  a l l  t h r e e  o u t c r o p s :  12 t o  2 8 .5
m e t e r s ,  s e c t i o n  OK-20; 7 t o  32 m e te r s ,  s e c t i o n  OK-1 9 ;  and 6 . 5  t o  3 3 .5
m e t e r s ,  s e c t i o n  OK-4. I t  c o n s i s t s  p r i m a r i l y  o f  w e l l - b e d d e d  ty p e  2 s a n d -
/
s t o n e  u n i t s  show ing  A-B-C, A-B, B-C, o r  C -o n ly  Bouma s e q u e n c e s  w i th  a 
l a r g e  s u i t e  o f  s e c o n d a r y  s t r u c t u r e s  i n c l u d i n g  c o n v o l u t e  l a m i n a t i o n s ,  
s e c o n d a r y  l a m i n a t i o n s ,  p i l l a r s ,  and f a u l t s .  L ess  common i n  t h i s  u n i t  
a r e  t y p e  1, 3 ,  4 ,  and 5 s a n d s to n e  b e d s .
Type 1 b e d s  o c c u r  a s  t h i n  c r o s s - l a m i n a t e d  b e d s  i n t e r s p e r s e d  w i th  
th e  o t h e r ,  t h i c k e r  b e d d in g  t y p e s .  These  b e d s  become l e s s  common to w a rd  
t h e  t o p  o f  t h e  u n i t  and t h e r e  i s  a  g e n e r a l  upw ards  t r e n d  to w a rd  t h i c k e r  
b e d s  w i th  t h i c k e r  i n t e r v a l s  o f  p l a n a r  l a m i n a t i o n s .
T^pe 3 beds  w ere  o b s e r v e d  i n  s e v e r a l  p l a c e s :  a t  19, 23 and 2 3 . 5
m e t e r s  above t h e  b a s e  o f  s e c t i o n  OK-20; 18 m e te r s  i n  s e c t i o n  0K-19; and 
20 m e t e r s  i n  s e c t i o n  OK-4. T e x t u r a l l y ,  ty p e  3 b e d s  a r e  a l l  v e r y  s i m i l a r  
t o  t y p e  1 and 2 b e d s :  f i n e  t o  v e r y  f i n e - g r a i n e d  s a n d s to n e  w i th  10 t o  20
p e r c e n t  m a t r i x  and a  g e n e r a l  i n c r e a s e  ;in m a t r i x  and  d e c r e a s e  i n  gi*ain 
s i z e  upw ards w i t h i n  i n d i v i d u a l  b e d s  ( s e e  A ppend ix  B ) .
Two ty p e  4 b e d s  a r e  p r e s e n t  and o n e ,  sam pled  22 m e te r s  above  th e  
b a s e  o f  s e c t i o n  OK-19, g r a d e s  from  a  ty p e  2 b ed  on t h e  e a s t  t o  a  ty p e  4 
bed s e v e r a l  m e te r s  t o  t h e  w e s t  ( F ig u r e  2 9 ) .  A l th o u g h  no t h i n  s e c t i o n s  
w ere  t a k e n ,  t h e s e  ty p e  4 b e d s  a p p e a r  t e x t u r a l l y  s i m i l a r  t o  n e a rb y  ty p e  1 
and 2 b e d s .
One ty p e  5 bed  o c c u r s  i n  t h i s  u n i t  a b o u t  2 4 . 5  m e te r s  above  t h e  b a s e  
o f  s e c t i o n  OK-20. T h is  bed  shows v e r y  a b r u p t  c h a n g e s  i n  t h i c k n e s s  and 
h a s  been  r e f e r r e d  t o  e a r l i e r  a s  a  p u l l - a p a r t  ( F i g u r e  2 5 ) .
U n i t  4 . T h i s  u n i t  o c c u r s  from  3 2 -4 3  m e te r s  i n  s e c t i o n  OK-19 and
3 3 .5 -4 1  m e te r s  i n  s e c t i o n  OK-4. I t  i s  composed o f  a  s e r i e s  o f  ty p e  3
s a n d s to n e  b e d s  w h ich  a r e  g r e a t e r  th a n  1 m e te r  t h i c k ,  i n t e r b e d d e d  w i th  
w e l l - l a m i n a t e d  s h a l e s  and  t h i n  ty p e  1 and  2 s a n d s t o n e  b e d s .  One ty p e  5 
bed o c c u r s  a t  t h e  b a s e  o f  t h e  u n i t .
T h is  u n i t  d i f f e r s  f ro m  U n i t s  1 and 3 i n  t h a t  i t  i s  d o m in a te d  by 
t h i c k  t y p e  3 b e d s  w h e re a s  t h e  o t h e r  u n i t s  a r e  p r e d o m i n a n t l y  t h i n n e r  
ty p e s  1 and 2 b e d s .  I t  a p p e a r s  t o  f o l l o w  t h e  p r o g r e s s i o n  e s t a b l i s h e d  
i n  U n i t  3 to w a rd s  t h i c k e r  b e d s  w i th  t h i c k e r  i n t e r v a l s  o f  p l a n a r  l a m in a ­
t i o n s  h i g h e r  i n  t h e  s e c t i o n ;  i t  i s  d i s t i n g u i s h e d  a s  a  s e p a r a t e  u n i t  by 
t h e  o v e rw h e lm in g ly  l a r g e  p r o p o r t i o n  o f  ty p e  3 b e d s .
U n it  5. T h i s  u n i t  o c c u r s  from  4 3 -4 6  m e te r s  i n  s e c t i o n  OK-19 and
from  4 1 -4 6  m e te r s  i n  s e c t i o n  OK-4. I t  i s  com posed o f  w e l l - l a m i n a t e d  
s h a l e  w i th  t h i n  s a n d s t o n e  and  v e r y  t h i n  s i l t s t o n e  i n t e r b e d s  i n  s e c t i o n  
OK-19 and s h a l e  w i th  t h i n  s a n d s to n e  and s i l t s t o n e  b e d s  g r a d i n g  up i n t o  
a  p r e d o m in a n t ly  s i l t s t o n e  s e q u e n c e  w i th  t h i n  s h a l e  l a y e r s  i n  s e c t i o n  OK-4.
F i g u r e  2 9 .  C o r r e l a t i v e  s a m p le s  sh o w in g  l a t e r a l  v a r i a b i l i t y  i n  i n t e r n a l  
s e d i m e n t a r y  s t r u c t u r e s ,  ( a )  Type 2 b ed  show ing  p l a n a r  l a m i n a t i o n s  o v e r -  
l a i n  b y  c r o s s - l a m i n a t i o n s  w i th  d i s h  s t r u c t u r e s .  Sam ple 0K -19RL-29 
( e a s t ) ,  ( b )  Type 4  b e d  show ing  d i s h  s t r u c t u r e s  o n l y .  Sam ple  0K-19RL-29 
( w e s t ) .  P a l e o c u r r e n t  ( f ro m  c r o s s - l a m i n a t i o n s )  was fro m  e a s t  t o  w e s t .  
( S c a l e  i n  c e n t i m e t e r s )
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The s a n d s to n e  and s i l t s t o n e  a r e  g e n e r a l l y  i n  ty p e  1 o r  t y p e  2 b e d s  
i and  show p r i m a r i l y  B-^only o r  B-C d i v i s i o n s .
U n i t  6 . T h is  u n i t  a l s o  o c c u r s  i n  b o th  s e c t i o n s  OK-19 fro m  4 6 -5 6  
m e te r s  above t h e  b a s e  and OK-4 f ro m  4 6 -5 5  m e te r s  above  t h e  b a s e .  I t  i s  
com posed o f  a b o u t  e q u a l  p o r t i o n s  o f  w e l l - l a m i n a t e d  s h a l e  and  s a n d s to n e  
b e d s  l e s s  th a n  25  c e n t i m e t e r s  t h i c k .  The s a n d s to n e  b e d s  a r e  t y p e  1 o r  
2 and  show B -o n ly ,  B-C o r  C -o n ly  d i v i s i o n s .
At t h e  b a s e  o f  t h i s  u n i t  i n  s e c t i o n  OK-19 t h e r e  a r e  two l e n t i c u l a r  
s a n d s to n e  b e d s  s e p a r a t e d  by  a  t h i n  i n t e r v a l  o f  s h a l e  p l u s  s i l t  w i th  
f l o a t i n g  s h a l e  c h i p s .  No s a m p le s  w ere  t a k e n ,  b u t  t h e  b e d s  a p p e a r  v e r y  
s i m i l a r  t o  t y p e  5 b ed s  o b s e r v e d  i n  o t h e r  u n i t s .  C o r r e l a t i v e  w i th  t h i s  
i n t e r v a l  i n  s e c t i o n  OK-4 i s  an i n t e r v a l  w i th  t h r e e  s t a c k e d  t y p e  6 s a n d ­
s t o n e  b e d s  a b o u t  50 c e n t i m e t e r s  t h i c k .  Each o f  t h e s e  t h r e e  b e d s  g r a d e s  
upw ard  i n t o  a  s i l t y  i n t e r v a l  w i th  f l o a t i n g  s h a l e  c h i p s .
U n i t  7 . T h i s  u n i t  o c c u r s  f ro m  55 m e te r s  above t h e  b a s e  t o  t h e  
t o p  o f  s e c t i o n  OK-19; and from  56 m e te r s  above  t h e  b a s e  t o  t h e  t o p  o f
s e c t i o n  OK-4. S e c t io n  OK-40  a p p e a r s  t o  b e  an e x t e n s i o n  o f  t h i s  u n i t
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above  OK-19 and  i s  i n  g e n e r a l  c o r r e l a t i v e  w i th  t h e  s lum ped  i n t e r v a l  o v e r -  
l y i n g  s e c t i o n  OK-4.
U n i t  7 i s  composed p r i m a r i l y  o f  t y p e  6 s a n d s to n e  b e d s  g r e a t e r  th a n  
0 . 5  m e te r s  t h i c k .  T hese  b e d s  commonly c o n t a i n  f l o a t i n g  s h a l e  c h i p s  i n  
t h e i r  u p p e r  p o r t i o n s  and  i n t e r m i t t a n t , wavy to  f l a t ,  h o r i z o n t a l  p a r t i n g  
p l a n e s .  They a r e  c l a y - r i c h  (>20%), s t r u c t u r e l e s s  t o  v a g u e ly  la m in a t e d  
w i th  r a r e  d i s h  s t r u c t u r e s ,  and r a r e l y  show p o o r l y  d e v e lo p e d  f l u t e  c a s t s
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on t h e i r  b a s e s .  T h e re  a r e  a  few , w e l l - l a m i n a t e d  s h a l e s  p r e s e n t  and 
m ost o f  t h e  sa n d  b e d s  e i t h e r  l i e  d i r e c t l y  upon one  a n o t h e r  o r  a r e
s e p a r a t e d  by t h i n ,  ishaley  s i l t  z o n e s .  Some t h i n n e r  s a n d s to n e  l a y e r s  
show c u r r e n t  s t r u c t u r e s  r e s u l t i n g  f r o m , t h e  d e p o s i t i o n  o f  t h e  B o r  C 
Bouma d i v i s i o n s  and , w i th  c o n v o l u t e  l a m i n a t i o n s ,  a r e  g e n e r a l l y  ty p e  2 
b e d s .  T hese  t h i n  s a n d s t o n e s  a r e  uncommon i n  t h i s  u n i t  and o c c u r  i n t e r  
b ed d ed  w i th  t h e  w e l l - l a m i n a t e d  s h a l e s .
T h i s  u n i t  a l s o  c o n t a i n s  t h e  s a n d - f i l l e d  c h a n n e l ,  t h e  f l a m e  s t r u c ­
t u r e s ,  and t h e  s m a l l - s c a l e  s lum p.
PROCESSES OF SEDIMENTATION
G e n e ra l  Remarks
W ith o u t  e x c e p t i o n ,  a l l  o f  t h e  r e c e n t  i n v e s t i g a t i o n s  o f  t h e  p r e -
A tokan  O u a c h i t a  f l y s c h  c o n c lu d e  t h a t  t h e  e n v i ro n m e n t  o f  d e p o s i t i o n  was
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p r e d o m i n a n te ly ,  i f  n o t  e x c l u s i v e l y ,  deep  m a r in e  ( C l i n e  and S h e lb u rn e ,  
1959; C l i n e ,  1960 ; K in g ,  1961; K l e i n ,  1966; W a l t h a l l ,  1967; B r ig g s  and 
C l i n e ,  1967; C h a m b e r la in ,  1971; M o r r i s ,  1971a&b, 1974; Briggs*, 1 9 7 3 ) .  
N o th in g  was o b s e r v e d  i n  t h i s  s tu d y  w hich  w ou ld  c o n t r a d i c t  t h i s  i n t e r p r e ­
t a t i o n .
W ith in  a  d eep  m a r in e  b a s i n ,  s e d im e n t  may be  d i s t r i b u t e d  and r e d i s ­
t r i b u t e d  a s  a  r e s u l t  o f  t h e  e f f e c t s  o f  two d i f f e r e n t  t y p e s  o f  c u r r e n t s .  
C o n to u r  c u r r e n t s  f lo w  p a r a l l e l  w i th  i s o b a t h y a l  l i n e s  and may o r  may n o t  
a t t a i n  s u f f i c i e n t  v e l o c i t y  t o  move b o t to m  s e d im e n t s .  Sedim ent g r a v i t y  
f lo w s  (M id d le to n  and Hampton, 1973) move a s  t h e  r e s u l t  o f  g r a v i t y  a c t i n g  
upon a s e d im e n t  m ass  and  move p e r p e n d i c u l a r  t o  i s o b a t h y a l  l i n e s .
Deep m a r in e  san d  d e p o s i t s  l e f t  by  t h e  a c t i o n  o f  c o n t o u r  c u r r e n t s  
hav e  b een  d e s c r i b e d  by  Bouma (1972) and te rm e d  c o n t o u r i t e s .  C o n t o u r i t e s  
r a r e l y  e x c e e d  5 c e n t i m e t e r s  i n  t h i c k n e s s  (B oum a,■1972). I t  i s  t h u s  u n ­
l i k e l y  t h a t  t h e  s a n d s t o n e s  i n  t h e  W i ld h o r s e  M oun ta in  F o rm a t io n ,  w h ich  a r e  
g e n e r a l l y  g r e a t e r  t h a n  5 c e n t i m e t e r s  t h i c k ,  w e re  d e p o s i t e d  by c o n t o u r  
c u r r e n t s .  Sand t r a n s p o r t  and d e p o s i t i o n  i n  t h e  W i ld h o r s e  M ountain  
F o rm a t io n  was a p p a r e n t l y  d o m in a te d  by  s e d im e n t  g r a v i t y  f lo w s .
S ed im en t G r a v i t y  F low s
M id d le to n  and  Hampton (1973) o u t l i n e  f o u r  t y p e s  o f  sed im en t  g r a v i t y  
f lo w s  w h ich  t h e y  c o n s i d e r  t o  b e  p r o b a b l e  e n d  members i n  a  m o r e - o r - l e s s  
c o n t in u o u s  s p e c t r u m  o f  f lo w  p r o c e s s e s .  They d i s t i n g u i s h  be tw een  t y p e s
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by d i f f e r e n c e s  i n  t h e  m echan ism s o f  s e d im e n t  s u p p o r t :  f l u i d  t u r b u l e n c e ;
upward f lo w  o f  i n t e r g r a n u l a r  f l u i d s ;  g r a i n - t o - g r a i n  i n t e r a c t i o n s ;  and 
m a t r i x  s t r e n g t h .  The f o u r  f l o w  t y p e s  a r e  te rm e d ,  r e s p e c t i v e l y :  t u r b i d i ­
t y  c u r r e n t s ;  f l u i d i z e d  f l o w s ;  g r a i n  f lo w s ;  and  d e b r i s  f l o w s .  Lowe 
(1976a) s u g g e s t s  a  f i f t h  t y p e  w h ich  h e  t e rm s  l i q u e f i e d  s e d im e n t  f lo w . 
Sedim ent i s  n o t  a c t u a l l y  s u p p o r t e d  by  a n y t h in g  i n  a  l i q u e f i e d  f lo w , b u t  
i s  i n  th e  p r o c e s s  o f  r e s e d i m e n t i n g  w h i l e  s i m u l t a n e o u s l y  b e in g  s h e a re d  
down s lo p e .  L i q u e f i e d  and  f l u i d i z e d  f lo w s  may be c o n c e p t u a l l y  g rouped  
t o g e t h e r  u n d e r  t h e  h e a d i n g  e x c e s s  p o r e - p r e s s u r e  f l o w s .
F l u i d  T u rb u le n c e  D om inant
T u r b i d i t y  c u r r e n t s ,  d o m in a te d  by  f l u i d  t u r b u l e n c e ,  a r e  t h e  most 
s t u d i e d  and p r o b a b ly  t h e  b e s t  u n d e r s to o d  o f  a l l  d eep  m a r in e  sed im en t 
f lo w s .  E x c e l l e n t  su m m aries  o f  e a r l i e r  e x p e r i m e n t a l  w orks  a r e  o f f e r e d  by  
M id d le to n  (1969 , 1970) and  o f  t h e  s e d im e n ta r y  s t r u c t u r e s  and  t u r b i d i t e  
f a c i e s  by Bouma ( 1 9 6 2 ) ,  Harm es and  F a h n e s to c k  ( 1 9 6 5 ) ,  W a lk e r  ( 1 9 6 5 ,1 9 6 7 ) ,  
A l le n  (1 9 7 0 b ) ,  and M i d d l e t o n .and  Hampton ( 1 9 7 3 ) .
D e p o s i t s  o f  t u r b i d i t y  c u r r e n t s  a r e  te rm e d  t u r b i d i t e s  and a  t y p i c a l  
c o m p le te  t u r b i d i t e  w i l l  c o n t a i n  f i v e  i n t e r v a l s  o r  d i v i s i o n s  (W alker, 1965) 
w hich  a r e  f ro m  b o t to m  t o  t o p :  1) a  s t r u c t u r e l e s s  zone ; 2 )  p l a n a r  l a m in a ­
t i o n s ;  3) r i p p l e  c r o s s - l a m i n a t i o n s ;  4) p a r a l l e l  l a m i n a t i o n s ;  and 5) a  mud 
i n t e r v a l .  T h i s  i s  t h e  f a m i l i a r  Bouma s e q u e n c e  and t h e  d i v i s i o n s  a re  
te rm ed  A th r o u g h  E r e s p e c t i v e l y .  The g e n e r a l l y  a c c e p t e d  i n t e r p r e t a t i o n  
f o r  t h i s  se q u e n c e  i s  t h a t  i t  r e p r e s e n t s  d e p o s i t i o n  f ro m  a  t r i p a r t i t e  
t u r b i d i t y  c u r r e n t  w i t h  a  t h i c k ,  t u r b u l e n t  h e a d ,  f o l l o w e d  by a  t h i n n e r ,  
i p o r e - o r - l e s s  u n i fo rm  body  and  a  s t i l l  t h i n n e r ,  d i l u t e  t a i l  (M id d le to n  and  
Hampton, 1 9 7 3 ) .  The E d i v i s i o n  may a l s o ,  o r  a l t e r n a t i v e l y ,  r e p r e s e n t  
h e m ip e la g ic  d e p o s i t i o n .
In  a d d i t i o n  t o  t h e  Bouma s e q u e n c e ,  t u r b i d i t e s  a r e  f r e q u e n t l y  
c h a r a c t e r i z e d  by s o l e  m a rk s  and g r a d e d  b e d d in g .  A l a r g e  number o f  d i f ­
f e r e n t  t y p e s  o f  s o l e  m arks  h av e  b een  d e s c r i b e d  ( s e e  D z u ly n s k i  and 
W alton ,  1965 and  A l l e n ,  1971 f o r  e x a m p le s ) ,  b u t  t h e  most im p o r ta n t  
w i th  r e g a r d  t o  f lo w  c h a r a c t e r i s t i c s  a r e  f l u t e  c a s t s .  The p r e s e n c e  o f  
f l u t e  c a s t s  i n d i c a t e s  d e p o s i t i o n  from  a  c u r r e n t  w h ich  f lo w e d  p a r a l l e l  
w i th  t h e  lo n g  a x i s  o f  t h e  f l u t e  and  was c a p a b le  o f  s c o u r i n g  i n t o  t h e  
s u b s t r a t e .  T h re e  t y p e s  o f  g r a d i n g  h a v e  been  d e s c r i b e d :  1) d i s t r i b u ­
t i o n  g r a d in g ;  2 )  c o u r s e  t a i l  g r a d i n g ;  and  3) c o n t e n t  g r a d i n g .  In t h e  
no rm al c a s e ,  a l l  t h r e e  r e f l e c t  a  d e c r e a s e  i n  com petency  w i th  t im e  
(upw ards  i n  t h e  b e d )  by a  s h i f t  i n  t h e  s i z e  d i s t r i b u t i o n  to w a rd s  f i n e r  
s i z e s ,  by a  l o s s  o f  t h e  c o a r s e r  p e r c e n t i l e s ,  o r  by a  d e c r e a s e  o r  
i n c r e a s e  i n  t h e  d e n s e r  o r  l i g h t e r  g r a i n s ,  r e s p e c t i v e l y .
E x ce ss  P o r e - P r e s s u r e  D om inant
P o re  p r e s s u r e s  i n  e x c e s s  o f  t h e  s t a t i c  h y d r a u l i c  h ead  o c c u r  i n  
s e d im e n t  f lo w s  when one  o f  two s t a t e s  e x i s t :  e i t h e r  t h e  sed im en t i s
l i q u e f i e d  o r  i t  i s  f l u i d i z e d .  L i q u e f a c t i o n  o c c u r s  when t h e  g r a i n  
c o n t a c t s  in  a  s t a t i c  l o o s e l y  p a c k e d  bed  a r e  d i s t u r b e d  and t h e  g r a i n s  
s e t t l e  p a s s i v e l y  th r o u g h  t h e  p o r e  f l u i d  w hich  i s  d i s p l a c e d  upward. In  
a  f l u i d i z e d  bed  a  f l u i d  m oving up th r o u g h  t h e  s e d im e n t  e x e r t s  an upward 
f o r c e  e q u a l  t o  t h e  w e ig h t  o f  t h e  g r a i n s .  F l u i d  v e l o c i t i e s  may r a n g e  
from  t h e  f a l l  v e l o c i t y  o f  t h e  g r a i n  a g g r e g a t e  t o  t h e  f a l l  v e l o c i t y  o f  a 
s i n g l e  g r a i n .
Lowe (1 9 7 6 a)  h a s  p r e s e n t e d  c o n v i n c in g  a rg u m e n ts  w hich s u g g e s t  t h a t  
n a t u r a l  o c c u r r e n c e s  o f  f l u i d i z e d  f lo w s  w i l l  b e  uncommon. I f  th e y  o c c u r ,  
th e y  w i l l  be  t h i n  and  p r o b a b l y  r e s t r i c t e d  t o  t h e  u p p erm o st  p a r t s  o f
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t h i c k  c o n s o l i d a t i n g  g r a d e d  sa n d  b e d s .  A f t e r  f o r m a t io n ,  t h e y  w i l l  
e v o lv e ,  i n t o  t u r b i d i t y  c u r r e n t s ,  o r ,  w i th  a  d e c l i n e  i n  v e r t i c a l  f l u i d  
movement, w i l l  p a s s  i n t o  l i q u e f i e d  f l o w s .  H iu s ,  w h i l e  f l u i d i z e d  f lo w s  
a r e  p r o b a b ly  uncommon, d e p o s i t s  o f  f l u i d i z e d  f lo w s  w i l l  be  ev en  l e s s  
common o r  a b s e n t .
L i q u e f i e d  f lo w s  may o r i g i n a t e  e i t h e r  th r o u g h  s l o p e  f a i l u r e  f o l l o w e d  
by l i q u e f a c t i o n  and f lo w a g e  (K o p p e ja n ,  Wamelan and W einburg , 1948;
A ndresen  and B je r ru m , 1967) o r  th r o u g h  i n  s i t u  l i q u e f a c t i o n  f o l l o w e d  by 
f a i l u r e  and f lo w a g e  ( T e r z a g h i ,  1 9 5 6 ) .  Lowe (1 9 7 6 a)  h a s  o u t l i n e d  d i f ­
f e r e n t  m echanism s w h ich  may be  r e s p o n s i b l e  f o r  e a c h  o f  t h e s e  c a s e s .
In  t h e  c a s e  o f  f a i l u r e  f o l l o w e d  by  l i q u e f a c t i o n ,  f a i l u r e  may r e s u l t :
1) from  a c c u m u la t io n  o f  l o o s e l y - p a c k e d  s e d im e n t  t o  a  s l o p e  n e a r  i t s  
i n t e r n a l  a n g le  o f  f r i c t i o n ;  2 )  t h r o u g h  a  l o s s  o f  s u p p o r t  by e r o s i o n ;  
o r  3) a lo n g  d i s c r e t e  p l a n e s  o f  w eak n ess  su ch  a s  c l a y - r i c h  l a m i n a t i o n s  
o r  w i t h i n  c l a y - r i c h  b e d s .  In  t h e  c a s e  o f  l i q u e f a c t i o n  f o l l o w e d  by 
f a i l u r e ,  l i q u e f a c t i o n  may b e  t r i g g e r e d  by  1) e a r t h q u a k e  s h o c k s  c a u s in g  
c y c l i c  l o a d in g  (S eed ,  1 9 6 8 ) ;  2 )  upw ard  movement o f  w a te r  e x p e l l e d  
th ro u g h  th e  lo a d in g  c o n s o l i d a t i o n  (Lowe, 1975) o f  s u b j a c e n t  muds and 
c l a y s ;  o r  3) movement o f  a r t e s i a n  w a t e r s  (A l le n  and  Banks, 1 9 7 2 ) .  The 
l a t t e r ,  how ever,  i s  v iew ed  a s  b e i n g  somewhat u n l i k e l y  i n  deep  m a r in e  
e n v i ro n m e n ts .
Based on d a t a  and o b s e r v a t i o n s  p r e s e n t e d  by  K o p p e jan  ( e t  a l ,  1948) 
and  B je rru m  (1 9 7 1 ) ,  Lowe (1 9 7 6 a )  h a s  s u g g e s t e d  t h a t  minimum s l o p e s  o f  
3 - 4 °  a r e  p r o b a b ly  n e c e s s a r y  f o r  p r o p a g a t i o n  o f  l i q u e f i e d  f l o w s .
L i q u e f i e d  f lo w s  may o r i g i n a t e  on lo w e r  s l o p e s ,  b u t  i t  i s  u n l i k e l y  t h a t  
t h e y  w i l l  t r a v e l  f a r  b e f o r e  r e s e d i m e n t a t i o n  t a k e s  p l a c e .
The d e p o s i t s  o f  l i q u e f i e d  f lo w s  a r e  a t  b e s t  a  s u b j e c t  o f  c o n j e c t u r e  
a s  t h e r e  i s  l i t t l e  i n  t h e  way o f  d i r e c t  o b s e r v a t i o n .  E x p e r im e n ts  on 
h ig h  d e n s i t y  f lo w s  o f  g l a s s  b e a d s  i n  w a te r  by M id d le to n  (1966) w ere  
p r o b a b ly  l i q u e f i e d  f lo w s ,  and th e y  w ere  r e p o r t e d  t o  hav e  shown c o a r s e -  
t a i l  g r a d i n g  i n  t h e  d e p o s i t s .  Lowe (1 9 7 6 a )  s u g g e s t s  t h a t  d e p o s i t s  o f  
l a m in a r ,  n o n - t u r b u l e n t  l i q u e f i e d  f lo w s  s h o u ld  be  f i n e - g r a i n e d .  He a l s o  
s u g g e s t s  (Lowe, 1976a, p .  299) t h a t  t h e  d e v e lo p m e n t  o f  t h i x o t r o p i c  and  
c o h e s iv e  c h a r a c t e r i s t i c s  l a t e  i n  t h e  h i s t o r y  o f  t h e  f lo w  may r e s u l t  i n  
th e  f o r m a t io n  o f  l a m in a t io n s  d u r in g  h y d r o p l a s t i c  d e f o r m a t io n .  B ased on 
o b s e r v a t i o n s  o f  s a n d s to n e s  in  t h e  O u a c h i t a  f l y s c h ,  Lowe (1975 , 1976a) 
a l s o  s u g g e s t s  t h a t  f o l l o w i n g  t h e  h y d r o p l a s t i c  s h e a r i n g ,  f e a t u r e s  r e s u l t ­
i n g  from  p a r t i a l  l i q u e f a c t i o n ,  f o u n d e r i n g  o f  g r a v i t a t i o n a l l y  u n s t a b l e  
l a y e r s ,  and v e r t i c a l  w a te r  e s c a p e  may be  c h a r a c t e r i s t i c .  Beds up t o  
2 m e te r s  t h i c k  composed o f  m u l t i p l e  s e d i m e n t a t i o n  u n i t s  show ing t h e  
above f e a t u r e s  w ere i n t e r p r e t e d  t o  b e  t h e  r e s u l t s  o f  a c c u m u la t io n s  o f  
t h i n ,  s h o r t - t r a v e l l e d  r e t r o g r e s s i v e  f l o w s .  The bed  i l l u s t r a t e d  i n  
F ig u r e  19 was i d e n t i f i e d  by Lowe (1975 , p .  198, F i g u r e  1 9 -b )  a s  a 
l i q u e f i e d  f lo w  d e p o s i t  and shows a t  l e a s t  t h r e e  d i f f e r e n t  s e d i m e n t a t i o n  
u n i t s :  a  lo w er  u n i t  d o m in a ted  by  h y d r o p l a s t i c  s h e a r i n g  w i th  m in o r  w a te r
e s c a p e ;  a  m id d le  u n i t  d o m in a ted  by  g r a v i t a t i o n a l  f o u n d e r in g  w i th  a 
m o d e ra te  amount o f  w a te r  e s c a p e ;  and an u p p e r  u n i t  d o m in a te d  by w a te r  
e s c a p e .
G ra in  I n t e r a c t i o n s  Dominant
The t h e o r e t i c a l  b a s e s  f o r  g r a i n  f lo w s  was f i r s t  o u t l i n e d  by  B agnold  
(1954). a t  w h ich  t im e  h e  r e p o r t e d  t h e  r e s u l t s  6 f  e x p e r im e n t s  w h e re in  a  
d i s p e r s i v e  p r e s s u r e  p r o p o r t i o n a l  t o  an  a p p l i e d  s h e a r  s t r e s s  was o b s e rv e d
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a t  the ii 'boun .daries  o f  C o n f i n e d ! s h e a r i n g  d i s p e r s i o n s  o f  r i g i d  g r a i n s .  
.ThellconceptsL p r e s e n t e d  by B agno ld  h a v e  s u b s e q u e n t l y  been  u sed  t o  i n t e r ­
p r e t  t h e  d e p o s i t i o n  o f  c e r t a i n  p r o b l e m a t i c ,  s t r u c t u r e l e s s  o r  d i s h -  
s t r u c t u r e d  s a n d s to n e  beds  ( S a n d e r s ,  1965; S t a u f f e r ,  1967; K le i n ,  deMelo 
and F a v e r a ,  1 9 7 2 ) .  M id d le to n  and Hampton (1973 )  d i s c u s s  some o f  t h e  
c o n s t r a i n t s  on g r a i n  f lo w s  and p o i n t  o u t  t h a t  u n m o d i f ie d  g r a i n  f lo w s  c a n ­
n o t  e x i s t  on s l o p e s  o f  l e s s  t h a n  a p p r o x im a te ly  1 8 ° .  M id d le to n  (1970) and 
Lowe (1976b) d i s c u s s  f o u r  a g e n t s  w h ich  may a l lo w  g r a i n  f lo w s  t o  move o v e r  
low s l o p e s :  1) t u r b u l e n c e ;  2 )  s h e a r  im posed  by an o v e r l y i n g  c u r r e n t ;
3) h ig h  i n t e r s t i t i a l  f l u i d  d e n s i t i e s  due t o  t h e  p r e s e n c e  o f  c l a y ;  and
4) p o ly m o d a l m i x tu r e s  o f  c o h e s i o n l e s s  s e d im e n t  w here  e a c h  s i z e  c l a s s  
g e n e r a t e s  d i s p e r s i v e  p r e s s u r e s ,  b u t  i s  a l s o  bouyed  up by t h e  m ix tu r e  o f  
f l u i d  p l u s  a l l  f i n e r  s i z e  c l a s s e s .  A n a ly s e s  by  B agnold  (1956) s u g g e s t  
t h a t ,  c o n t r a r y  t o  a i d i n g  t h e  movement o f  a  g r a i n  f lo w ,  t u r b u l e n c e  m ig h t  
c a u s e  i t  to .  c o l l a p s e .  Lowe (1976b) d i s c o u n t s  an im posed  s h e a r  s t r e s s  
from  an o v e r l y i n g  f lo w  a s  h i g h l y  u n l i k e l y  and s u g g e s t s  s u f f i c i e n t  
q u a n t i t i e s  o f  c l a y  i n  t h e  i n t e r s t i t i a l  f l u i d  t o  h av e  an a p p r e c i a b l e  
e f f e c t  on t h e  minimum s lo p e  w ould  a l s o  c a u s e  t h e  f lo w  t o  b eh av e  a s  a 
d e b r i s  f lo w .  Only f o r  t h e  p o ly m o d a l  m i x t u r e s  d o e s  Lowe (1976b , p .  198) 
f i n d  e v i d e n c e s  w hich  s u g g e s t  an a b i l i t y  t o  move o v e r  s l o p e s  lo w e r  th a n  
t h e  a n g l e  o f  r e p o s e  f o r  any o f  t h e  c o n s t i t u e n t  s i z e s .  He t h u s  c o n c lu d e s  
t h a t  t h i c k  sand  b e d s  i n  f l y s c h  s e q u e n c e s  c a n n o t  be  d e p o s i t e d  by g r a i n  
f lo w s ,  b u t  t h a t  sandy  c o n g lo m e r a te s  may b e .
D i s p e r s i v e  p r e s s u r e  may p l a y  a  s u p p o r t i v e  r o l e  i n  l i q u e f i e d  o r  
d e b r i s  f lo w s ,  b u t  o n ly  i n  u n u s u a l  c i r c u m s t a n c e s ,  su ch  a s  h ig h  s l o p e s  o r  
s p e c i a l  s e d im e n t  m i x t u r e s ,  w i l l  i t  be  s i g n i f i c a n t  i n  s u p p o r t i n g  t h e  
s e d im e n t  lo a d .
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M a tr ix  S t r e n g t h  Dom inant
Subm arine  d e b r i s  f lo w s  hav e  been  d i s c u s s e d  a s  t h e  d e p o s i t i o n a l  
a g e n t s  f o r  p e b b ly  m u d s to n e s  and o t h e r  c l a y - r i c h  s u b m a r in e  c o n g lo m e r a te s  
( C r o w e l l ,  1957; P e t e r s o n ,  1965) f o r  t h i c k ,  s t r u c t u r e l e s s  o r  p o o r ly  
s t r u c t u r e d  s a n d s t o n e s  (Hampton, 1 9 7 5 ) ;  and a s  p o s s i b l e  p r e c u r s o r s  l e a d i n g  
t o  t h e  f o r m a t io n  o f  t u r b i d i t y  c u r r e n t s  (Hampton, 1 9 7 2 ) .  A t h e o r e t i c a l  
model f o r  d e b r i s  f l o w s  h a s  been  o u t l i n e d  by J o h n so n  ( 1 9 6 5 ) ,  Hooke (1 9 6 7 ) ,  
Hampton (1 9 7 2 ,  1 9 7 5 ) ,  and R odine and  Jo h n so n  ( 1 9 7 6 ) .  A t y p i c a l  d e b r i s  
f lo w  c o n s i s t s  o f  g r a n u l a r  s o l i d s  i n  a  c l a y - w a t e r  f l u i d .  The c l a y - w a t e r  
m ix tu r e  p o s s e s s e s  a  s t r e n g t h  w hich  i s  e x c e e d e d  by  t h e  d o w n slo p e  com ponent 
o f  g r a v i t y  a c t i n g  on  t h e  m ass o f  t h e  f lo w .  The im m ersed  w e ig h t  o f  t h e  
g r a i n s  i s  n o t ,  h o w e v e r ,  s u f f i c i e n t  t o  e x c e e d  t h e  c o h e s i v e  s t r e n g t h  o f  
t h e  c l a y  p l u s  w a t e r .  The g r a i n s  a r e  s u p p o r t e d  by  s t r e n g t h  and buoyancy  
o f  t h e  c l a y - w a t e r  m a t r i x  (M id d le to n  and Hampton, 1 9 7 3 ) ,  and  d e p o s i t i o n  
o c c u r s  when t h e  d r i v i n g  s t r e s s  o f  g r a v i t y  d e c r e a s e s  b e lo w  t h e  s t r e n g t h  o f  
t h e  d e b r i s  and t h e  f l o w  f r e e z e s .
Modern s u b m a r in e  d e b r i s  f lo w s  a r e  known t o  h a v e  t r a v e l l e d  o v e r  s l o p e s  
a s  low a s  0 . 1 °  (E m bley , 1976) and t h e  amount o f  c l a y  n e c e s s a r y  t o  s u p p o r t  
s a n d - s i z e d  m a t e r i a l  c a n  be  s u r p r i s i n g l y  s m a l l ,  l e s s  t h a n  10% (Hampton, 
1 9 7 0 ) .  F o r  v e r y  f i n e - g r a i n e d  sa n d ,  t h e  c l a y  c o n t e n t  may be  c o n s i d e r a b l y  
l e s s  (Hampton, 1 9 7 5 ) .  T e x t u r a l l y ,  t h e r e f o r e ,  d e b r i s  f lo w  d e p o s i t s  may be 
i n d i s t i n g u i s h a b l e  f ro m  o t h e r  s e d im e n t  g r a v i t y  f lo w  d e p o s i t s ,  e s p e c i a l l y  
i f  t h e  d e b r i s  f lo w s  o r i g i n a t e d  i n  s e d im e n ts  d e p o s i t e d  e a r l i e r  by o t h e r  
s e d im e n t  f l o w s .  W ith  no minimum s lo p e  c o n s t r a i n t ,  t h e y  may r e a s o n a b l y  
be e x p e c t e d  t o  o c c u r  i n t e r b e d d e d  w i th  o t h e r  s e d im e n t  f lo w  d e p o s i t s .
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M id d le to n  and  Hampton (1 9 7 3 )  s u g g e s t  an i r r e g u l a r  u p p e r  s u r f a c e  
a s s o c i a t e d  w i th  s t r u c t u r e l e s s  d e p o s i t s  o r  d e p o s i t s  show ing  f a i n t  l a m in a ­
t i o n s ,  d i s h  s t r u c t u r e s ,  o r  o u t s i z e d  c l a s t s  may be c h a r a c t e r i s t i c .
Slumps
Slump d e p o s i t s  i n  f l y s c h  and o t h e r  c l a s t i c  s e q u e n c e s  h a v e  been  t h e  
s u b j e c t  o f  num erous i n v e s t i g a t i o n s  ( s e e ,  f o r  ex am p le ,  K uenen, 1948;
Moore, 1961; D o t t ,  1963; M o rg e n s te rn ,  1967; H elw ig , 1970; and  M o r r i s ,  
1 9 7 1 b ) .  As p o i n t e d  o u t  by  M o r r i s  (1971b) t h e - n a t u r e  o f  t h e  slum p 
d e p o s i t  w i l l ,  i n  l a r g e  p a r t ,  r e f l e c t  t h e  c o m p o s i t io n  and b e d d in g  c h a r a c t e r  
o f  t h e  o r i g i n a l  s e d im e n t .  The s lum p d e p o s i t  w i l l  a l s o  r e f l e c t  t o  a  
c e r t a i n  e x t e n t  t h e  d i s t a n c e  t r a v e l l e d  (M o r r i s ,  1 9 7 1 b ) .  S lum ps h av e  
b e e n  c i t e d  a s  p r o b a b l e  p r e c u r s o r s  t o  l i q u e f i e d  f lo w s  (Lowe, 1 9 7 6 a ) ,  d e b r i s  
f lo w s  (Hampton, 1972; M id d le to n  and Hampton, 1 9 7 3 ) ,  and t u r b i d i t y  c u r r e n t s  
(H eezen  and Ewing, 1 9 5 2 ) .  D e b r i s  f lo w s  a r e  d i s t i n g u i s h e d  f ro m  s lum ps  by 
r e f e r r i n g  t o  H am p to n 's  (1972 )  o b s e r v a t i o n  t h a t  s u b s t a n t i a l  r e m o ld in g  o f  
t h e  s e d im e n t  mass p r e c e e d s  t h e  d ev e lo p m e n t  o f  t h e  f lo w .  T hus , p l a s t i c  
o r  v i s c o u s  s h e a r i n g  c h a r a c t e r i z e  b o th  d e b r i s  f lo w s  and s lu m p s ,  b u t  i n  
t h e  f o r m e r ,  a l l  r e m n a n ts  o f  any  p r e - d e f o r m a t i o n  f a b r i c  h a v e  been' 
d e s t r o y e d .  I f  i t  can  be  assum ed t h a t  l i q u e f i e d  f lo w s  a l s o  d e s t r o y  any 
p r e - f l o w  f a b r i c ,  th e n  t h e  p r e s e n c e  o f  d i s t o r t e d  b e d d in g  i n h e r i t e d  from  
t h e  s o u r c e  s e d im e n ts  w i l l  p r o v i d e  a  f a i r l y  u s e a b l e ,  o b j e c t i v e  c r i t e r i o n  
f o r  d i s t i n g u i s h i n g  be tw een  f lo w  d e p o s i t s  and s lu m p s .
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D e p o s i t i o n  o f  S ed im en t i n  S tudy  A rea
F o u r  p r o c e s s e s  a r e  i n f e r r e d  t o  h a v e  t r a n s p o r t e d  and  d e p o s i t e d  t h e  
s e d im e n t  i n  t h e  s tu d y  a r e a :  t u r b i d i t y  c u r r e n t s ;  l i q u e f i e d  f l o w s ;  d e b r i s
f lo w s ;  and  s lu m p s .  G ra in  f lo w s  w ould  h av e  r e q u i r e d  e x t r a o r d i n a r i l y  
s t e e p  s l o p e s  o r  s p e c i a l  s e d im e n t  m i x tu r e s  u n o b se rv ed  in  t h e  s t u d y  a r e a .  
F l u i d i z e d  f lo w s  h av e  been  shown by Lowe (1976a)  t o  be  u n l i k e l y  i n  
n a t u r a l  c i r c u m s t a n c e s .
Type 1 and 2 s a n d s to n e  b ed s  a r e  t u r b i d i t e s .  Where m ore th a n  one 
ty p e  o f  p r im a r y  s t r u c t u r e  i s  p r e s e n t  ( F i g u r e  2 1 ) ,  t h e  s e q u e n c e  o f  
s t r u c t u r e s  from  b o t to m  t o  to p  w i t h i n  t h e  bed  i s  a lw ays  p a r t  o f  t h e  Bouma 
s e q u e n c e  (Bouma, 1 9 6 2 ) :  s t r u c t u r e l e s s  zone ( A - d i v i s i o n ) ; p l a n a r  l a m in a ­
t i o n s  ( B - d i v i s i o n ) ; c r o s s - l a m i n a t i o n s  ( C - d i v i s i o n ) ; and p a r a l l e l  
l a m i n a t i o n s  ( D - d i v i s i o n ) . T hese  b e d s  a l s o  show b o th  d i s t r i b u t i o n  and 
c o n t e n t  g r a d i n g  (A ppend ix  B) w h ich  a r e  c h a r a c t e r i s t i c  o f  t u r b i d i t e s  
(Bouma, 1962; M id d le to n ,  1 9 6 6 ) .
Type 3 b e d s  a r e  a l s o  i n t e r p r e t e d  a s  t u r b i d i t e s .  T e x t u r a l l y ,  t h e s e  
b e d s  a r e  i d e n t i c a l  t o  ty p e  1 and  2 b e d s  (A ppend ix  B) and a l s o  show 
d i s t r i b u t i o n  and c o n t e n t  g r a d i n g .  Type 3 b e d s  d i f f e r  f ro m  t y p e  1 and 2 
b e d s  i n  t h e  s e q u e n c e  o f  s t r u c t u r e s :  s t r u c t u r e l e s s  zo n e ;  d i s h  s t r u c t u r e d
z o n e ;  and  p l a n a r  l a m i n a t i o n s .  They a l s o  f r e q u e n t l y  show m u l t i p l e  
s e q u e n c e s  o f  t h e s e  z o n e s .  D ish  s t r u c t u r e s  a r e  s e c o n d a ry  s t r u c t u r e s  
(Lowe and  L o P ic c o lo ,  1 9 7 4 ) ,  and, t h e y  can  fo rm  i n  t h e  l o o s e l y - p a c k e d  
( M id d le to n ,  1 9 6 6 ) ,  s t r u c t u r e l e s s  (A) d i v i s i o n  o f  t u r b i d i t e s  ( F i g u r e  1 3 a ) .  
W here t h i s  o c c u r s  in  t u r b i d i t e s  com posed o n ly  o f  m u l t i p l e  A and  B d i v i ­
s i o n s ,  t h e  r e s u l t  i s  a  p ro x im a l  t u r b i d i t e  (W alker ,  1967) r e s e m b l i n g  
ty p e  3 b e d s  ( F ig u r e s  22 and  2 3 ) .
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Type 4 b e d s ,  w h ich  show d i s h  s t r u c t u r e s  o n ly  ( F ig u r e  2 4 ) ,  a l s o  
a p p e a r  t o  be t u r b i d i t e s .  From hand  s a m p le s ,  t h e  t e x t u r e  o f  t h e s e  b e d s  
lo o k s  s i m i l a r  t o  t h a t  o f  o t h e r  t u r b i d i t e s ,  a l th o u g h  no t h i n  s e c t i o n s  
w ere  ex am in ed  t o  t e s t  t h i s  o b s e r v a t i o n .  The most c o m p e l l in g  s u p p o r t  
f o r  t h i s  i n t e r p r e t a t i o n  comes from  f i e l d  o b s e r v a t i o n s  w here two d i f ­
f e r e n t  t y p e  4 b e d s  w ere  se e n  t o  g r a d e  l a t e r a l l y  i n t o  t u r b i d i t e s .  One 
o f  t h e s e  s a m p le s  i s  i l l u s t r a t e d  i n  F i g u r e  29 and t h e  o t h e r  i s  t h e  
a lm ag am ated  bed  in  U n i t  2 .
One o f  t h e  ty p e  5 b e d s  o b s e r v e d  i n  t h e  s tu d y  a r e a  ( F i g u r e s  18 and 
19) i s  i n t e r p r e t e d  by Lowe (1975 , p .  198) a s  a  l i q u e f i e d  f lo w  d e p o s i t .
A l l  o f  t h e  o t h e r  t y p e  5 b e d s  show c h a r a c t e r i s t i c s  v e ry  s i m i l a r  t o  t h i s  
bed: a b r u p t  t h i c k n e s s  c h a n g e s ;  h ig h  m a t r i x  c o n t e n t ;  and ty p e C  c o n v o l u t e
l a m i n a t i o n s .  T hese  t y p e  5 b e d s  a r e  a l s o  i n t e r p r e t e d  a s  l i q u e f i e d  f lo w  
d e p o s i t s .
Type 6 b e d s  a r e  t h e  m ost p r o b l e m a t i c a l .  They show no p r im a r y  
s t r u c t u r e s  w i th  t h e  p o s s i b l e  e x c e p t i o n  o f  o c c a s i o n a l  p a r t i n g  p l a n e s .
They h a v e  h ig h  m a t r i x  c o n t e n t s  s i m i l a r  t o  t h a t  o f  ty p e  5 b e d s  and much 
h i g h e r  t h a n  any o b s e r v e d  i n  t u r b i d i t e s .  The m a j o r i t y  o f  t y p e  6 b e d s  
o c c u r  i n  U n i t  7 w h ere  th e y  a r e  g e n e r a l l y  g r e a t e r  th a n  0 . 5  m e te r s  t h i c k .  
I n t e r b e d d e d  w i th  t h e s e  beds  a r e  o c c a s i o n a l  t h i n  t u r b i d i t e s .
\
The p r e s e n c e  o f  i n t e r n a l  p a r t i n g  p l a n e s  s u g g e s t s  t h a t  t h e  
c h a r a c t e r i s t i c s  o f  t h e s e  b e d s  r e f l e c t  t h e  d e p o s i t i o n a l  p r o c e s s e s  and 
t h a t  t h e y  h a v e  n o t  u n d e rg o n e  w h o le s a le  i n  s i t u  r e o r g a n i z a t i o n .  Due t o  «
i
t h e  l a c k  o f  any c l e a r  p r im a r y  s t r u c t u r e s  and th e  h ig h  m a t r ix  c o n t e n t ,  
t h e s e  b e d s  a r e  n o t  i n t e r p r e t e d  a s  t u r b i d i t e s .  The l a c k  o f  any  d e fo rm e d  
f a b r i c  i n d i c a t e s  t h e s e  b e d s  a r e  n o t  d i r e c t  d e p o s i t s  o f  s lu m p s .  They 
a r e  m o s t  l i k e l y  l i q u e f i e d  f lo w  o r  d e b r i s  f lo w  d e p o s i t s .  The o b s e r v a t i o n
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t h a t  l a t e  s t a g e  t h i x o t r o p y  may c h a r a c t e r i z e  l i q u e f i e d  f lo w s  (Lowe, 1976a) 
s u g g e s t s  t h a t  l i q u e f i e d  f lo w s  may e v o lv e  i n t o  d e b r i s  f lo w s  w hich i m p l i e s  
a  t h i r d  a l t e r n a t i v e :  t h e  d e p o s i t s  a r e  f ro m  f lo w s  t h a t  w ere  t r a n s i t i o n a l
betw een l i q u e f i e d  and  d e b r i s  f l o w s .  T h e re  i s  i n s u f f i c i e n t  e v id e n c e  t o  
t e s t  any o f  t h e  t h r e e  a l t e r n a t i v e s .
Three  d i f f e r e n t  l i n e s  o f  e v id e n c e  s u g g e s t  v e r y  l o c a l  s o u r c e s  f o r  
b o th  ty p e  5 and t y p e  6 b e d s .  (1 )  F l o a t i n g  s h a l e  c h i p s ,  e s p e c i a l l y  t h o s e  
w hich a p p e a r  t o  h a v e  b een  s o f t  and d u c t i l e ,  w ere  p r o b a b ly  i n c a p a b l e  o f  
r e c e i v i n g  much a b r a s i o n .  I b i s  may i n d i c a t e  e i t h e r  v e r y  s l u g g i s h  o r  
s h o r t - l i v e d  f lo w s .  ( 2 )  S u b s t a n t i a l ,  t h i c k n e s s  c h a n g e s  o c c u r r i n g  o v e r  
s h o r t  i n t e r v a l s  i n  a  d o w n slo p e  d i r e c t i o n ,  s u g g e s t i n g  e i t h e r  v e ry  
v i s c o u s  f lo w s  o r  f lo w s  w hich  w ere  h a l t e d  e a r l y  i n  t h e i r  e v o l u t i o n .
(3 )  The p r e s e n c e  o f  a  s m a l l - s c a l e  slump w h ich  p a s s e s  u p s lo p e ,  t o  t h e  
e a s t  i n t o  a  c o m p le t e ly  m ixed ,  muddy s a n d s to n e  i n d i c a t e s  a  l o c a l  o r i g i n  
and s h o r t  t r a v e l  d i s t a n c e .
E n v i ro n m e n ts  o f  D e p o s i t i o n
There  i s  a  p r e f e r e n t i a l  d i s t r i b u t i o n  o f  d e p o s i t s  w i t h i n  t h e  s e c t i o n s  
and seven  d i f f e r e n t  u n i t s  a r e  r e c o g n i z e d  b a s e d  upon w hich  t y p e s  o f  
d e p o s i t s  a r e  d o m in an t  ( T a b le  2 ) .  T hese  u n i t s  a r e  i n t e r p r e t e d  as  r e s u l t ­
i n g  from  d e p o s i t i o n  b y  t h e  f o l l o w i n g  p r o c e s s e s  (T a b le  3 ) :  t u r b i d i t y
c u r r e n t s  (m a jo r  e f f e c t  i n  u n i t s  1, 3 ,  4 ,  and  6 ; m in o r  i n  5 and 7 ) ;  l u r g e -  
s c a l e  l i q u e f i e d  o r  d e b r i s  f lo w s  ( s o l e  e f f e c t  i n  u n i t  2 ) ;  s m a l l - s c a l e  
l i q u e f i e d  o r  d e b r i s  f lo w s  (m a jo r  e f f e c t  i n  u n i t  7; m in o r  i n  6 ) ;  s m a l l -  
s c a l e  l i q u e f i e d  f lo w s  (m in o r  e f f e c t s  i n  u n i t s  1 ,  3 ,  4 ,  and 6 ) ;  and 
h e m ip e la g lc  s e d i m e n t a t i o n  (m a jo r  e f f e c t  i n  u n i t  5; m in o r  in  a l l  o t h e r s ) .
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U n i t  M ajo r  P r o c e s s  M inor P r o c e s s
7 l i q u e f i e d  o r  t u r b i d i t y  c u r r e n t s
d e b r i s  f lo w s
6 t u r b i d i t y  c u r r e n t s  l i q u e f i e d  o r  d e b r i s  f lo w s
5 h e m i p e l a g i c  t u r b i d i t y  c u r r e n t s
s e d i m e n t a t i o n
4 t u r b i d i t y  c u r r e n t s  l i q u e f i e d  f lo w s
3 t u r b i d i t y  c u r r e n t s  l i q u e f i e d  f lo w s
2 l a r g e  s c a l e  l i q u e f i e d
o r  d e b r i s  f lo w s
1 t u r b i d i t y  c u r r e n t s  l i q u e f i e d  f lo w s
T a b le  3 .  M ajor and  m in o r  p r o c e s s e s  o f  d e p o s i t i o n  i n  t h e  sev en  d i f ­
f e r e n t  s t r a t i g r a p h i c  u n i t s .  H e m ip e la g ic  s e d i m e n t a t i o n  i s  a  m in o r  
p r o c e s s  i n  a l l  o f  t h e  u n i t s .
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D i f f e r e n c e s  b e tw een  t h e s e  u n i t s  docum ent s u b s t a n t i a l  c h a n g e s  i n  
d e p o s i t i o n a l  p r o c e s s e s  a t  t h e  l o c a l  s i t e  o f  d e p o s i t i o n  d u r i n g  a c c u m u la ­
t i o n  o f  t h e  W i ld h o rs e  M oun ta in  F o r m a t io n .  T hese  c h a n g e s  may r e f l e c t  
c h a n g e s  i n  t h e  l o c a l  d e p o s i t i o n a l  e n v i ro n m e n t ,  i n  t h e  d i s t a n c e  t o  t h e  
s o u r c e  a r e a ,  i n  t h e  r a t e  o f  d e p o s i t i o n ,  o r  i n  t h e  t e c t o n i c  r e g im e  o f  
t h e  a r e a .
A t te m p ts  t o  c l a s s i f y  t h e  s t u d i e d  u n i t s  and  t o  i n t e r p r e t  them  u s i n g  
p u b l i s h e d  c a l s s i f i c a t i o n  schem es p ro p o s e d  f o r  d eep  w a te r  d e p o s i t s  
(W a lk e r ,  1970; S e s t i n i ,  1970; W alk e r  and M u t t i ,  1973 ; and  M u t t i ,  1974) 
m eet w i t h  o n ly  l i m i t e d  s u c c e s s ,  g e n e r a l l y  b e c a u s e  a  b r o a d  r a n g e  o f  
g r a i n - s i z e s  was a v a i l a b l e  f o r  d i s t r i b u t i o n  w i t h i n  o t h e r  d e p o - s y s te m s .  
Only a l i m i t e d  s i z e - r a n g e  o f  m a t e r i a l  was a v a i l a b l e  t o  t h e  O u a c h i t a  
s y s te m ,  and  many o f  t h e  t e x t u r a l  t r e n d s  i n  o t h e r  s e q u e n c e s  a r e  n o t  
p r e s e n t  i n  t h e  W i ld h o rs e  M oun ta in  s a n d s t o n e s .
A co m p ar iso n  o f  t h e  d i f f e r e n t  b e d d in g  t y p e s  o b s e r v e d  in  t h i s  s tu d y  
w i th  t h e  deep  s e a  f a c i e s  o f  W a lk e r  and  M u t t i  (1 9 7 3 ,  T a b le  1 , p .  147) i s  
g iv e n  i n  T a b le  4 .  W ith  t h e  e x c e p t i o n  o f  t h e i r  f a c i e s  A, and  p o s s i b l y  
f a c i e s  E, a  c o m p le te  s p e c t ru m  o f  f a c i e s  t y p e s  i s  r e p r e s e n t e d  i n  t h e  W i ld ­
h o r s e  M oun ta in  s e c t i o n .  B edd ing  t y p e  5 d o es  n o t  f i t  i n t o  t h e i r  c l a s s i f i ­
c a t i o n  and  i s  t e n t a t i v e l y  a s s i g n e d  t o  f a c i e s  F o n l y  b e c a u s e  i t  shows 
some e v i d e n c e  o f  h a v in g  been  r e m o b i l i z e d  and r e s e d i m e n t e d  l o c a l l y .
The g ro w th ,  p r o c e s s e s ,  d e p o s i t s ,  and  p h y s io g r a p h y  o f  d e e p - s e a  
d e p o s y s te m s  h a v e  been  e x t e n s i v e l y  s t u d i e d  (N orm ark , 1970; H a n e r ,  1971; 
N e lso n  and Kulm, 1973; M u t t i ,  1974; N e ls o n  and  N i l s e n ,  1 9 7 4 ) .  W alker 
and M u t t i  (1973 , F ig u r e  10, p .  135) h a v e  r e l a t e d  d i f f e r e n t  s e d im e n ta r y  
f a c i e s  a s s o c i a t i o n s  w i th  d i f f e r e n t  e n v i ro n m e n ts  o r  p h y s i o g r a p h i c  p a r t s  
o f  su ch  s y s te m s .  T a b le  5 shows t h e  i n f e r r e d  e n v i ro n m e n t  o f  d e p o s i t i o n
F a c i e s  A C o a r s e - g r a i n e d  s a n d s t o n e s  and c o n g lo m e ra te s  
A1 D i s o r g a n iz e d  c o n g lo m e ra te s  
A2 O rg a n iz e d  c o n g lo m e r a te s  
A3 D is o r g a n iz e d  p e b b ly  s a n d s to n e s  
A4 O rg a n iz e d  p e b b ly  s a n d s to n e s
F a c i e s  B M ed ium -fine  t o  c o a r s e  s a n d s to n e s
B1 M ass iv e  s a n d s t o n e s  w i th  d i s h  s t r u c t u r e  
B2 M ass iv e  s a n d s t o n e s  w i th o u t  d i s h  s t r u c t u r e s
F a c i e s C Medium t o  f i n e  s a n d s t o n e s  show ing Bouma s e q u e n c e  b e g in n in g  
w i t h  A d i v i s i o n
F a c i e s D F in e  t o  v e ry  f i n e  s a n d s to n e s  and s i l t s t o n e s  sh o w in g  Bouma 
s e q u e n c e  b e g i n n in g  w i th  B o r  C d i v i s i o n
F a c i e s E S i m i l a r  t o  D b u t  i n  s e q u e n c e s  show ing h ig h  s a n d / s h a l e  r a t i o s  
and t h i n ,  i r r e g u l a r  beds
F a c i e s F C h a o t i c  d e p o s i t s  ( e . g . , s lum ps)
F a c i e s G S h a le s  and m a r l s
T a b le  4 a . F a c i e s  c l a s s i f i c a t i o n  o f  W alker  and M u t t i  ( 1 9 7 3 ) .
F a c i e s  Type
B edd ing  Type (W alker and M u t t i ,  1973)
1 C o r  D (some E?)





slum ped i n t e r v a l s  F
am algam ated  b ed s  B1
s h a l e s  G
T a b l e  4 b .  C om parison  o f  b e d d in g  t y p e s  o b s e rv e d  i n  t h i s  s t u d y  w i th
f a c i e s  c l a s s i f i c a t i o n  o f  W a lk e r  and M u t t i  ( 1 9 7 3 ) .
U n it
P re d o m in a n t  
B edd ing  Types F a c i e s E n v iro n m en t
Slump F S lo p e
7 6 B2 M idd le  f a n ,
(m in o r  1 and 2 ) some C and  D C h a n n e l le d
6 1 and  2 C and  D M id d le  f a n ,
(m in o r  3 and  6 ) some B1 and  B2 C h a n n e l le d
5 s h a l e s G O u te r  f a n
(m in o r  1 ) ( o r  E?) ( o r  m id d le  f a n  o v e rb a n k ? )
4 3 and  4 B1 and  C M id d le  f a n ,
(m in o r  5) m in o r  F ? d e p o s i t i o n a l  lo b e
3 1 , 2 ,  3 ,  and  4 B l ,  C, D M id d le  f a n ,
(m in o r  5 ) m in o r  F? d e p o s i t i o n a l  lo b e
2 6 B2 M id d le  f a n ,
C h a n n e l le d
1 1 and  2 D O u te r  f a n  o r
(m in o r  5) m in o r  B2 M id d le  f a n ,  d e p o s i t i o n a l  l o
T a b le  5 .  E n v i ro n m e n ta l  i n t e r p r e t a t i o n  o f  W i ld h o r s e  M ounta in  s e c t i o n  u s i n g  a  s l o p e - f a n - b a s i n  p l a i n  m odel 
and  f a c i e s  c l a s s i f i c a t i o n  and  a s s o c i a t i o n s  o f  W a lk e r  and  M u t t i ,  1973 .
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f o r  eac h  o f  t h e  sev en  u n i t s  i n t e r p r e t e d  u s in g  t h e  f a c i e s  a s s o c i a t i o n  o f  
W alker  and M u t t i .  In  no i n s t a n c e  was t h e  W i ld h o r s e  M ountain f a c i e s  
g r o u p in g  f o r  a  g iv e n  u n i t  i n  c o m p le te  a g re e m e n t  w i th  t h e  f a c i e s  g r o u p ­
i n g s  s u g g e s t e d  b y  W alker  and M u t t i  ( 1 9 7 3 ) .  The i n t e r p r e t a t i o n s  g iv e n  
i n  T a b le  5 r e p r e s e n t  t h e  n e a r e s t  m a tch .  I t  m ust a l s o  be b o rn e  i n  mind 
t h a t  m ost s l o p e - f a n - b a s i n  p l a i n  s t r a t i g r a p h i c  s e q u e n c e s  a r e  an o r d e r  
o f  m a g n i tu d e  t h i c k e r  th a n  t h e  s e q u e n c e  u n d e r  c o n s i d e r a t i o n  ( s e e  M u t t i ,
1 9 7 4 ) ,  T a b le  5 s u g g e s t s ,  ho w ev er ,  t h a t  t h e  o b s e r v e d  s e q u en ce  r e s u l t e d  
f ro m  d e p o s i t i o n  on a  p h y s i o g r a p h i c  l o c a l e  s i m i l a r  t o  t h e  m id d le  f a n  
o f  modern f a n  s y s t e m s .
The o b s e r v e d  f a c i e s  a s s o c i a t i o n s  may b e  e x p l a i n e d  by t h e  s im p le  
p r o g r a d a t i o n  and  l a t e r a l  s h i f t i n g  o f  a  m id - f a n  d e p o s i t i o n a l  lo b e  
(W alker and  M u t t i ,  1974) and  t h e  a s s o c i a t e d  c h a n n e l  sy s tem  w hich  f e d  
t h e  l o b e .  I b i s  f e a t u r e  may h a v e  been  i d e n t i c a l  t o  d e p o s i t i o n a l  l o b e s  
d e f i n e d  by W a lk e r  and M u t t i  (1973 )  o r  i t  may h a v e  been  s i m i l a r  i n  fo rm , 
b u t  n o t  i n  s e t t i n g ,  t o  t h e  r e s t r i c t e d  b a s i n  t y p e  o f  s m a l l  su b m a r in e  f a n  
o f  N e lso n  and  Kulm ( 1 9 7 3 ) .  T h e re  i s  p r e s e n t l y  i n s u f f i c i e n t  i n f o r m a t i o n  
a b o u t  t h e  p a le o g e o m o rp h o lo g y  o f  t h e  O u a c h i t a  B a s in  t o  make a s p e c i f i c  
d e t e r m i n a t i o n .
U sing  t h e  d e p o s i t i o n a l  l o b e  model ( F i g u r e  3 0 ) ,  U n it  1 i s  i n t e r p r e t e d  
t o  h av e  a c c u m u la te d  n e a r  t h e  dow nslope  o r  d i s t a l  ed g e  o f  th e  l o b e .
D ep o sitio n  was from  unchannelized  tu r b id i ty  c u r re n ts  o f  low v e lo c i ty .
U n it  2 ,  w h ich  i s  u n u s u a l  i n . t e r m s  o f  a d j a c e n t  u n i t s ,  w i l l  be 
c o n s i d e r e d  a f t e r  U n i t s  3 and 4 .
U n i t  3 was d e p o s i t e d  on t h e  main body o f  t h e  lo b e  i n  a  somewhat 
more p ro x im a l  l o c a t i o n  th a n  U n i t  1, b u t  s t i l l  a p p a r e n t l y  u n a f f e c t e d  by 
c h a n n e l i z e d  f l o w .  T u r b i d i t e s ,  h e r e ,  a r e  t h i c k e r  and somewhat more
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F ig u r e  3 0 .  H y p o t h e t i c a l  d ia g ra m  o f  a  d e p o s i t i o n a l  lo b e  a d a p t e d  from  
W alker  and M u t t i  (19 7 3 )  sh o w in g  r e l a t i v e  d e p o s i t i o n a l  l o c a t i o n s  o f  
t h e  v a r i o u s  u n i t s .  I n s e t  i s  from  Normark (1970 , F i g u r e  2 2 )  show ing  
r e l a t i v e  l o c a t i o n  o f  d i s t r i b u t a r y  c h a n n e l s ,  w hich  f e e d  t h e  d e p o s i t i o n a l  
l o b e s ,  i n  a  s l o p e - f a n - b a s i n  p l a i n  s y s te m .
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c o m p le te .  U n it  4 i s  s t i l l  more p r o x im a l  t h a n  U n i t  3 and a p p e a r s  t o  hav e  
b een  u n d e r  t h e  i n f l u e n c e  o f  n o n - e r o s i o n a l  d i s t r i b u t a r y  c h a n n e l s  s i m i l a r  
t o  t h e  lo w e r  f a n  c h a n n e l s  d e s c r i b e d  by N e lso n  and N i l s e n  (1 9 7 4 ) ,
U n i t  2 ,  w hich i n t e r r u p t s  t h e  d i s t a l - t o - p r o x i m a l  s e q u e n c e  r e p r e s e n t e d  
by  U n i t s  1, 3 ,  and 4 , may h av e  b een  t h e  r e s u l t  o f  c a t a s t r o p h i c  e v e n t s ,  
s u c h  a s  e a r t h q u a k e s ,  i n i t i a t i n g  l a r g e - s c a l e  s l o p e  f a i l u r e s  r e s u l t i n g  i n  
l i q u e f i e d  o r  d e b r i s  f lo w s  w hich  t r a v e l l e d  o n to  d i s t a l  p a r t s  o f  t h e  lo b e .  
L o c a l  c h a n n e l  . c u t t i n g  and f i l l i n g  by l i q u e f i e d  f lo w s  c o u ld  h av e  o c c u r r e d ,  
b u t  seems u n l i k e l y  i n  t h e  c o n t e x t  o f  t h e  r e g u l a r ,  d i s t a l - t o - p r o x i m a l ,  
s e q u e n c e  o f  u n i t s .
The d e p o s i t s  o f  U n i t  5 , l a r g e l y  h e m ip e la g i c  c l a y s  and  d i s t a l  t u r b i d ­
i t e s ,  may h a v e  r e s u l t e d  from  a  te m p o r a r y  abandonm ent o f  t h e  lo b e  o r  from  
l a t e r a l  s h i f t i n g  o f  t h e  d e p o c e n te r  on t h e  l o b e .  U n i t  6 i s  s i m i l a r  t o  
U n i t  5 , b u t  c o n t a i n s  more and  t h i c k e r  t u r b i d i t e s .  T h i s  may r e f l e c t  
t h e  l a t e r a l  m i g r a t i o n  o f  t h e  d e p o c e n t e r  b a c k  to w a rd s  t h e  s tu d y  a r e a  
f o l l o w i n g  a  s h i f t  o r  r e a c t i v a t i o n  f o l l o w i n g  a  p e r i o d  o f  abandonm ent.
U n i t  7 shows c h a r a c t e r i s t i c s  s u g g e s t i v e  o f  d e p o s i t i o n  n e a r  t o  o r  
on a  s l o p e ,  such  a s  may o c c u r  on t h e  u p p e rm o s t  s l o p e  o f  a  d e p o s i t i o n a l  
lo b e  o r  i n  a s s o c i a t i o n  w i th  t h e  c h a n n e l l e d  m id d le  f a n  o r  zone  o f  s u p r a -  
f a n  d i s t r i b u t a r y  c h a n n e l s  (N orm ark, 1970 , F i g .  2 2 ,  p .  2 1 8 9 ) .  The 
p r e s e n c e  o f  a  s t e e p e r  s lo p e  t h a n  r e p r e s e n t e d  by  t h e  o t h e r  u n i t s  i s  s u g ­
g e s t e d  by  1 ) t h e  p r e s e n c e  o f  an e r o s i o n a l  c h a n n e l ;  2 ) t h e  l o c a l  o c c u r ­
r e n c e  o f  a  s m a l l - s c a l e  slump d e p o s i t ;  and 3 )  common l i q u e f i e d  o r  d e b r i s  
f lo w  d e p o s i t s ,  t y p e  6 b e d s ,  w hich  h a v e  b e e n  i n t e r p r e t e d  by  W alker  and  
M u t t i  ( 1 9 7 3 ) ,  M id d le to n  and Hampton ( 1 9 7 3 ) ,  and  Lowe (1 9 7 6 a )  a s  more 
p r o x im a l ,  l e s s  m o b i le  d e p o s i t s  t h a n  w e l l - d e v e l o p e d  t u r b i d i t e s .
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Hie l a r g e - s c a l e  slump above  U n i t  7 may be  f u r t h e r  e v id e n c e  o f  
i n h e r e n t  s l o p e  i n s t a b i l i t y  o r  i t  may h av e  been  t h e  r e s u l t  o f  a  l a r g e  
e a r t h q u a k e - i n d u c e d  f a i l u r e .
The p reced in g  d isc u s s io n  i s  somewhat s p e c u la t iv e  f o r  two re a so n s :
1) No d a t a  e x i s t  on t h e  l a t e r a l  e x t e n t  o f  t h e  f a c i e s  d e f i n e d  by  t h e  
v a r i o u s  u n i t s .  2 )  The m odel i s  p r e d i c a t e d  on t h e  a s s u m p t io n  t h a t  t h e  
l o n g i t u d i n a l  i n f i l l i n g  o f  an e x o g e o s y n c l in e  w i l l  d e v e lo p  l o c a l  f a c i e s  
a n a lo g o u s  t o  t h o s e  found  on s u b m a r in e  f a n s  b u i l d i n g  o u t  p e r p e n d i c u l a r  t o  
a  c o n t i n e n t a l  s l o p e .  The m ode l,  ho w ev er ,  i s  s t i l l  u s e f u l  i n  t h a t  i t  
p r o v i d e s  a  r e a s o n a b l e  e x p l a n a t i o n  f o r  t h e  o b s e r v e d  c h a n g e s  i n  f a c i e s  and 
p r o c e s s e s  o f  d e p o s i t i o n .
An im p o r t a n t  q u e s t i o n  n o t  an sw e re d  by t h e  p r e s e n t  s tu d y  r e l a t e s  t o  
how t h e  s e d im e n t  was moved a lo n g  t h e  lo n g  a x i s  o f  t h e  g e o s y n c l i n e  t o  i t s  
f i n a l  s i t e  o f  d e p o s i t i o n .  Two p o s s i b l e  a l t e r n a t i v e s  a r e :  1) i t  was
moved th r o u g h  a  s e r i e s  o f  s u b m a r in e  c h a n n e l s ,  a n a lo g o u s  t o  t h o s e  
d e v e lo p e d  on t h e  modern B e n g a l i  s u b m a r in e  f a n  (Graham, D ic k in s o n ,  and 
I n g e r s o l l ,  1 9 7 5 ) ;  o r  (2 )  i t  may h av e  been  c y c l e d  th r o u g h  a  s e r i e s  o f  
t e r r a c e d  s l o p e s ,  w hich p e r i o d i c a l l y  f a i l e d  and g e n e r a t e d  m o d e ra te ly  
s h o r t - l i v e d ,  w estw ard -m o v in g  f lo w s .
R e g a r d l e s s  o f  w hich o f  t h e s e  p r o c e s s e s  o p e r a t e d ,  i t  was c a p a b le  o f  
d e l i v e r i n g  an a b u n d an t  s u p p ly  o f  s a n d - s i z e d  s e d im e n t  t o  t h e  s tu d y  a r e a .  
The n a t u r e  o f  t h e s e  f lo w s  and  t h e i r  d e p o s i t s ,  i n  t u r n ,  a p p e a r  t o  h av e  
been  c o n t r o l l e d  by t h e  l o c a l  p h y s io g r a p h y .  M a in te n a n c e  o f  t h i s  
p h y s io g r a p h y ,  w i th  c o n t in u e d  d e p o s i t i o n ,  r e s u l t e d  i n  a  g e n e r a l  w es tw ard  
p r o g r a d a t i o n  and a  v e r t i c a l  s t a c k i n g  o f  t h e  d i f f e r e n t  f a c i e s .
SECONDARY SEDIMENTARY STRUCTURES
A l l  o f  t h e  s e c o n d a ry  s t r u c t u r e s  o b s e r v e d  in  t h e  s tu d y  a r e a  have  
been  p r e v i o u s l y  d e s c r i b e d  by  numerous r e s e a r c h e r s .  T hese  r e p o r t s  
g e n e r a l l y  t r e a t  one o r  m ore o f  f o u r  d i f f e r e n t  a s p e c t s  o f  s e c o n d a ry  
s t r u c t u r e s :  t h e  dy n am ics  o r  k in e m a t i c s  o f  t h e i r  f o r m a t io n  ( s e e
C h r i s t i a n s e n ,  1952; Kuenen, 1953, 1958, 1965; S te w a rd ,  1956; t e n  H aaf ,  
1956; H o l la n d ,  1959, 1960; S u l lw o ld ,  1959; S a n d e r s ,  1960; W i l l i a m s ,
1960 , 1963; H an sen ,  P o r t e r ,  H a l l ,  and H i l l s ,  1961 ; McKee, R ey n o ld s ,  and 
B ak e r ,  1962a ,  1962b; S e l l e y  and Shearman, 1962; McKee, 1964; D a v ie s ,
1965; E l l i o t ,  1965; P e t e r s o n ,  1968; S w a rb r ic k ,  1968; Howard and L o h re n g a l ,  
1969; McKee and  G o ld b e rg ,  1969; S e l l e y ,  1969; A n k e t e l l ,  C e g la  and 
D z u ly n s k i ,  1970; A l le n  and  B anks, 1972; Lowe and  L o P ic c o lo ,  1974; Lowe, 
1975; W h iteh ea d  and L u t h e r ,  1975; and D ionne ,  1971, 1 9 7 6 ) ;  t h e i r  p a l e o -  
e n v i r o n m e n ta l  s i g n i f i c a n c e  ( s e e  F e th ,  1955; S te w a rd ,  1956; Howard and 
D o t t ,  1962; and  K l e i n ,  deM ilo  and F a v e ra ,  1 9 7 2 ) ;  t h e i r  p a l e o t e c t o n i c  
s i g n i f i c a n c e  ( s e e  N i c h o l s ,  1960; J o n e s ,  1962; and S e i l a c h e r ,  1969) o r  
t h e i r  i m p l i c a t i o n s  w i th  r e s p e c t  t o  p r o c e s s e s  o f  d e p o s i t i o n  ( s e e  S t a u f f e r ,  
1967; K le in  e t  a l ,  1972; M id d le to n  and Hampton, 1973 ; D ib b le e  and N i l s e n ,  
1974; and Nagahama, O to  and  Aozama, 1 9 7 5 ) .
The p u r p o s e  o f  t h i s  c h a p t e r  i s  t o  b r i e f l y  r e v i e w  t h e  p r o c e s s e s  
a c t i v e  i n  t h e  f o r m a t io n  o f  s e c o n d a ry  s t r u c t u r e s  and  d i s c u s s  t h e  f o r m a t io n  
o f  s e c o n d a ry  s t r u c t u r e s  i n  t h e  W ild h o rse  M ounta in  F o rm a t io n .
P r o c e s s e s
In  e x p l a i n i n g  t h e  f o r m a t io n  o f  s e c o n d a ry  s t r u c t u r e s ,  m ost a u t h o r s  
r e f e r  t o  one  o r  more o f  t h e  f o l l o w i n g  p r o c e s s e s :  l i q u e f a c t i o n ;  f l u i d i z a -
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t i o n ;  s o f t . - s e d im e n t  f lo w a g e ,  i n c l u d i n g  h y d r o p l a s t i c ,  l i q u e f i e d  and 
f l u i d i z e d  f lo w a g e ;  e l u t r i a t i o n ;  c o m p a c t io n ;  c o n s o l i d a t i o n ;  and w a te r  
e s c a p e .  T h ese  te rm s  a r e  d e f i n e d  and d i s c u s s e d  by Lowe (1 9 7 5 ) .  H is  
u s a g e  w i l l  b e  f o l l o w e d  in  t h i s  r e p o r t .  One new te rm  i s  h e r e  i n t r o d u c e d :  
l i q u e f a c t i o n  c o n s o l i d a t i o n  i s  t h e  l o s s  o f  p o r o s i t y  and a s s o c i a t i o n  w a t e r  
e x p u l s i o n  w h ich  o c c u r s  when a  s e d im e n t  i s  more com pact a f t e r  a  p e r i o d  o f  
l i q u e f a c t i o n  th a n  i t  was b e f o r e .
F o rm a t io n  o f  S e c o n d a ry  S t r u c t u r e s  
C o n v o lu te  L a m in a t io n s
C o n v o lu te  l a m i n a t i o n  i s  p e r h a p s  t h e  m o s t  common and b e s t  s t u d i e d  o f  
a l l  o f  t h e  s e c o n d a r y  s t r u c t u r e s  o b s e r v e d  i n  t h i s  s t u d y .  S e v e r a l  d i f ­
f e r e n t  c l a s s i f i c a t i o n s  e x i s t  b a s e d  on f o l d  g e o m e try  o r  t h e  i n f e r r e d  
k i n e m a t i c s  o r  d ynam ics  o f  f o r m a t i o n  ( s e e  S u l lw o ld ,  1959, 1960; H o l la n d ,  
1959, 1960; E l l i o t t ,  1965; S w a rb r ic k ,  1968; and Lowe, 1975, f o r  e x a m p le s  
and d i s c u s s i o n s ) .  Most a u t h o r s  a g r e e  t h a t  some p o s t - d e p o s i t i o n a l  
d e f o r m a t io n  ( f lo w a g e )  h a s  t a k e n  p l a c e ,  a l t h o u g h  H o l la n d  (1959 )  l e a v e s  
open  t h e  p o s s i b i l i t y  t h a t  some c o n v o l u t i o n s  a r e  t h e  d i r e c t  r e s u l t  o f  
d e p o s i t i o n a l '  p r o c e s s e s .
No a t t e m p t  w i l l  b e  made t o  s y s t e m a t i c a l l y  r e v ie w  t h e  l i t e r a t u r e  on 
t h e  o r i g i n  o f  c o n v o l u t e  l a m i n a t i o n s .  A num ber o f  t y p e s  a r e  h e r e  r e c o g -  
n i c e d  and , f o r  e a c h ,  some o f  t h e  m ore r e c e n t  r e f e r e n c e s  a r e  g iv e n  and 
t h e  r e a d e r  i s  r e f e r r e d  t o  r e f e r e n c e s  c i t e d  a t  t h e  b e g i n n in g  o f  t h i s  
s e c t i o n .
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Type A - l . Type A - l  c o n v o l u t e  l a m i n a t i o n s  a r e  o v e r s t e e p e n e d  to  o v e r ­
tu r n e d  r i p p l e  c r o s s - l a m i n a t i o n s  and a lw a y s  o c c u r  i n  t h e  C - d i v i s i o n  o f  
t u r b i d i t e s  ( F i g u r e  1 0 ) .  They a r e  g e n e r a l l y  n o t  o v e r l a i n  by a  D - d i v i s i o n  
and in v o l v e  v e r y  f i n e - g r a i n e d  sa n d  w i th  10-20% m a t r i x .  They may o r  may 
n o t  c o n t a i n  a b u n d a n t  c a rb o n a c e o u s  m a t e r i a l .
In  d i s c u s s i n g  c o n v o l u t e  l a m i n a t i o n s  i d e n t i c a l  t o  t h o s e  h e r e  
c l a s s i f i e d  a s  A -2 , t e n  H aaf  (1956) c o n s i d e r e d  them  t o  h av e  o r i g i n a t e d  
th ro u g h  h y d r o p l a s t i c  f lo w a g e .  An a b r u p t  r e d u c t i o n  in  t h e  s t r e n g t h  o f  
an a c c u m u la t in g  bed  t h r o u g h  l i q u e f a c t i o n  may hav e  p ro d u c e d  c o n d i t i o n s  
f a v o r a b l e  t o  d e f o r m a t i o n .
The f o r c e  w h ich  c a u s e d  f lo w a g e  a c t e d  p a r a l l e l  t o  t h e  s u r f a c e  i n  a 
d o w n c u r re n t  d i r e c t i o n  a s  e v id e n c e d  b y  t h e  o v e r s t e e p e n i n g  o r  o v e r t u r n i n g  
o f  c r o s s - l a m i n a t i o n s .  In  t u r b i d i t y  c u r r e n t s  t h e  d o w n c u r re n t  d i r e c t i o n
w i l l  a l s o  b e  t h e  d o w n slo p e  d i r e c t i o n ,  and  t h e  tw o, most c o n s i s t e n t ,  
dow nslope f o r c e s  a r e  t h e  dow nslope  com ponent o f  g r a v i t y  and t h e  d ra g  
from  t h e  o v e r l y i n g  c u r r e n t  a s  i t  d e p o s i t s  t h e  b e d .
Type A -2 . T hese  c o n v o l u t e  l a m i n a t i o n s  a r e  s i m i l a r  t o  ty p e  A - l  i n  fo rm ­
in g  th ro u g h  d e f o r m a t i o n  o f  c l im b i n g  r i p p l e  c r o s s - l a m i n a t i o n s  o f  t h e  C -  
d i v i s i o n ,  b u t  d i f f e r  i n  t h a t  s e d im e n t  movement h a s  been  p r i m a r i l y  
v e r t i c a l  i n s t e a d  o f  l a t e r a l  ( F i g u r e  1 1 ) .  H iey  a r e  g e n e r a l l y  c l o s e l y  
a s s o c i a t e d  w i th  w a t e r  e x c a p e  s t r u c t u r e s ,  and t h e r e  i s  some s u g g e s t io n  
( F ig u r e  11) t h a t  t h e i r  f o r m a t io n  was s y n c h ro n o u s  w i th  d e p o s i t i o n .  The 
common p r e s e n c e  o f  w a t e r  e s c a p e  s t r u c t u r e s  be low  and ,  l e s s  commonly, 
w i t h i n  t h e  c o n v o l u t i o n s ,  ho w ev er ,  s u g g e s t s  t h a t  t h e y  fo rm ed  d u r in g  a  
p e r i o d  o f  s e d im e n t  l i q u e f a c t i o n ,  i
I
F o rc e s  which may h av e  c a u s e d  d e f o r m a t io n  h a v e  been  d i s c u s s e d  by  
s e v e r a l  i n v e s t i g a t o r s .  L i f t  f o r c e s  c a u s e d  by c o n v e rg e n c e  in  t h e  o v e r -  
l y i n g  f l u i d  f lo w  as  i t  moves o v e r  r i p p l e  c r e s t s  h a s  been  p ro p o s e d  a s  a  
m echanism  f o r  d e fo rm in g  l i q u i d - l i k e  d e p o s i t s  (K uenen, 1953; t e n  H a a f ,  
1956) and h a s  been shown t o  be e f f e c t i v e  i n  moving p o r e  f l u i d s  t o  t h e  
s u r f a c e  th r o u g h  r i p p l e  fo rm s  ( H a r r i s o n  and  C la y to n ,  1 9 6 8 ) .  The a n t i ­
c l i n a l  p a r t s  o f  t h e  c o n v o l u t e  l a m i n a t i o n s  a r e  commonly r i c h  i n  c a r b o n a ­
c e o u s  m a t e r i a l  ( F ig u r e  11) w hich  may h av e  e x e r t e d  a  b o u y a n t  e f f e c t  
(Lowe and L o P ic c o lo ,  1 9 7 4 ) .  Low p e r m e a b i l i t y  o f  t h e  s t o s s  l a m i n a t i o n s  
may h av e  c o n f in e d  e s c a p i n g  p o r e  f l u i d s  moving upw ards  f rom  u n d e r l y i n g  
c o n s o l i d a t i n g  l a y e r s  t o  t h e  l e e  l a m i n a t i o n s  and c a u s e d  f l u i d  d r a g  t o  
e x e r t  a  l o c a l i z e d  upward s t r e s s  (Lowe, 1 9 7 5 ) .  I f  d e f o r m a t io n  p ro c e e d e d  
s y n c h r o n o u s ly  w i th  d e p o s i t i o n  a s  s u g g e s t e d  by Kuenen (1953) and t e n  Haaf 
(1 9 5 6 )  t h e  s u b s i d i n g  a r e a s  w ould  be  p r e f e r r e d  s i t e s  o f  s e d im e n t  ac c u m u la ­
t i o n  w hich  m ig h t  f u r t h e r  d r i v e  t h e  d e f o r m a t io n  due t o  d e n s i t y  d i f f e r e n c e s  
(D a v ie s ,  1 9 6 5 ) .
Type B. S o f t - s e d im e n t  d e f o r m a t io n  o f  t h e  B o r  D Bouma d i v i s i o n  i s  uncom­
mon, b u t  w here  i t  h a s  o c c u r r e d ,  t h e  s e d im e n t  im m e d ia te ly  u n d e r l y i n g  t h e  
defo rm ed  l a m in a t io n s  a lw ay s  shows d i s h  s t r u c t u r e s  ( F i g u r e  1 2 ) ,  i n d i c a ­
t i n g  t h a t  i t  was l i q u e f i e d  (Lowe and  L o P ic c o lo ,  1974; Lowe, 1 9 7 5 ) .  The 
defo rm ed  f l a t  l a m i n a t i o n s  g e n e r a l l y  l a c k  d i s h  o r  p i l l a r  s t r u c t u r e s  and 
a p p a r e n t l y  w ere  defo rm ed  h y d r o p l a s t i c a l l y  a s  a r e s u l t  o f  f lo w a g e  i n  t h e  
u n d e r l y i n g  l i q u e f i e d  zone  (Lowe, 1 9 7 5 ) .  B eca u se  f l a t - l a m i n a t e d  s a n d s  
a r e  u s u a l l y  more d e n s e ly  p a c k e d  t h a n  a s s o c i a t e d  c r o s s - l a m i n a t e d  u n i t s  
( A l l e n ,  1972) o r  t h e  r a p i d l y  s e d im e n te d  Bouma A - d i v i s i o n ,  l i q u e f a c t i o n  
o f  t h e  A - d i v i s i o n  b e n e a th  t h e  B o r  o f  t h e  C b e n e a th  t h e  D w i l l  r e s u l t  in
i
t h e  f o r m a t io n  o f  a  r e v e r s e d  d e n s i t y  g r a d i e n t  and o f  hyd ro d y n am ic  i n s t a -
b i l i t y  f a v o r i n g  d e f o r m a t io n  (C h a n d re s a k h a r ,  1961; A n k e t e l l  e t  a l ,  1 9 7 0 ) .  
L o c a l  e r o s i o n  o f  t h e  u n d e r s i d e  o f  t h e  f l a t  l a m i n a t i o n s  ( F ig u r e  13b) h a s  
l e d  Lowe (1975) t o  s u g g e s t  t h a t  u n d e r ly i n g  s e d im e n t  was f l u i d i z e d  and 
came upward a lo n g  w a t e r - e s c a p e  p a t h s .
The s i m i l a r i t i e s  and d i f f e r e n c e s  be tw een  t h e  modes o f  f o r m a t io n  o f  
t y p e  A - l ,  A-2 and B c o n v o l u t e  l a m in a t io n s  a r e  i l l u s t r a t e d  i n  F ig u r e  31 .
Type C. T hese  c o n v o l u t i o n s  a r e  c o n f in e d  t o  l i q u e f i e d  f lo w  d e p o s i t s  
( t y p e  5 b e d s )  and c o n s i s t  o f  p o c k e t s  o r  l o b e s  o f  r e l a t i v e l y  c l e a n e r  
sa n d  f l o a t i n g  i n  m ore c l a y - r i c h  sand .  I n t e r n a l l y  t h e  p o c k e t s  show d i s h  
s t r u c t u r e s .  D e fo rm a t io n  a p p e a r s  to  h a v e  o c c u r r e d  i n  r e s p o n s e  t o  t h e  
d ev e lo p m e n t  o f  a  r e v e r s e d  d e n s i t y  g r a d i e n t ,  w i t h  t h e  c l e a n e r  san d  
f o u n d e r in g  i n t o  t h e  l e s s  d e n s e ,  l i q u e f i e d  a r g i l l a c e o u s  s a n d .
S e c o n d a ry  L a m in a t io n s
F o u r  v a r i e t i e s  o f  s e c o n d a ry  l a m i n a t i o n s  a r e  d i s t i n g u i s h e d :  p r im a ry
l a m i n a t i o n s  w h ich  h a v e  been  s e c o n d a r i l y  e n r i c h e d  i n  a r g i l l a c e o u s  m a t e r i a l  
(Type A); d i s h  s t r u c t u r e s  (Type B); t h e  b o u n d a r i e s  o f  t y p e  A p i l l a r s  
(Type C ); and t h e  l e a d i n g  e d g e s  o f  s u b s i d e n c e  l o b e s  i n  t y p e  C c o n v o lu ­
t i o n s  (Type D ) .
Lowe and L o P ic c o lo  (1974) and Lowe (1975)  d e s c r i b e  e n r i c h e d  p l a n a r  
l a m i n a t i o n s .  W entw orth  (1966 , 1967),  S t a u f f e r  ( 1 9 6 7 ) ,  Lowe and 
L o P ic c o lo  (1974) and Lowe (1975)  o f f e r  t h r e e  d i f f e r e n t  h y p o th e s e s  f o r  
t h e  o r i g i n  o f  d i s h  s t r u c t u r e s .  The o r i g i n  o f  Type C l a m i n a t i o n s  h a s  n o t  
b een  c o n s i d e r e d ,  a l th o u g h  Lowe and L o P ic c o lo  (1 9 7 4 )  and  Lowe (1975) im p ly  
an o r i g i n  s i m i l a r  t o  t h a t  o f  d i s h e s .  Lowe (1 9 7 5 ,  p .  181) i l l u s t r a t e s  a  




Type A - l .  Low s t r e n g t h  due t o  
h y d r o p l a s t i c  s t a t e  o r  l i q u e ­
f a c t i o n .  S h e a r in g  due t o  
c u r r e n t  o r  g r a v i t y
WITH DEPOSITION
Type A -2 . Low s t r e n g t h  due t o  h y d r o p l a s t i c  s t a t e  o r  l i q u e f a c t i o n .  
S h e a r in g  due  t o  d e n s i t y  v a r i a t i o n s  o r  h y d ro d y n am ic  l i f t .
OR
y
Type B. H ydrodynam ic  i n s t a b i l i t y  due t o  l i q u e f a c t i o n  in  C o r  A 
Bouimi d i v i s i c ^ s .
F i g u r e  3 1 .  H y p o th e s iz e d  s e q u e n c e  o f  e v e n t ^ g i v i n g  r i s e  t o  t y p e  A - l ,  
A-2 and B c o n v o l u t e  l a m i n a t i o n s .
!
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Type A. E n r i c h e d ,  p r im a r y  l a m i n a t i o n s  ( F i g u r e s  14 and  15) a r e  d i s ­
t i n g u i s h e d  f ro m  n o rm a l ,  p r im a r y  l a m i n a t i o n s  by b e i n g  d a r k e r  i n  c o l o r  
and u n d e r l a i n  by a  t h i n  zo n e ,  g e n e r a l l y  l e s s  t h a n  1 c e n t i m e t e r  t h i c k ,  o f  
l i g h t - c o l o r e d ,  r e l a t i v e l y  c l e a n e r  s a n d .  The c l e a n  s a n d  g r a d e s  downward 
i n t o  more a r g i l l a c e o u s ,  d a r k e r - c o l o r e d  sa n d  m aking  up t h e  b u lk  o f  m ost 
b e d s .
The p a u c i t y  o f  c l a y  im m e d ia te ly  b e n e a th  t h e  l a m i n a t i o n s  l e d  Lowe 
and L o P ic c o lo  (1974) and Lowe (1975) t o  s u g g e s t  e l u t r i a t i o n  a s  a  
m echanism  f o r  rem o v in g  t h e  c l a y  from  t h i s  s e d im e n t .  E l u t r i a t i o n  i m p l i e s  
w a t e r  movement and  t h e  common p r e s e n c e  o f  t y p e  A p i l l a r s  ( F i g u r e  14) 
r e i n f o r c e s  t h i s  h y p o t h e s i s .  The m e c h a n ic s  o f  f o r m a t i o n  o f  t h e s e  s t r u c ­
t u r e s  h a s  b een  o u t l i n e d  by Lowe and L o P ic c o lo  (1 9 7 4 )  and Lowe ( 1 9 7 5 ) .
Type B. D ish  s t r u c t u r e s ,  l i k e  t y p e  A l a m i n a t i o n s ,  a r e  u s u a l l y  u n d e r ­
l a i n  by a  zone o f  c l e a n  s e d im e n t  and  f r e q u e n t l y  t e r m i n a t e  l a t e r a l l y  in  
s m a l l  t y p e  A p i l l a r s .  They a r e  d i f f e r e n t  i n  commonly show ing  no 
r e l a t i o n s h i p  t o  e a r l i e r - f o r m e d  s t r u c t u r e s .
P r e v i o u s  h y p o th e s e s  a b o u t  t h e  p r im a ry  o r i g i n  o f  d i s h  s t r u c t u r e s  
(W entw orth ,  1967; S t a u f f e r ,  1967) r e f e r  t o  t h e  p o s s i b l e ,  b u t  u n s p e c i f i e d  
r o l e  o f  w a t e r  e x p u l s i o n  i n  t h e i r  f o r m a t i o n .  B o th  W entw orth  and 
S t a u f f e r ,  h o w ev er ,  a p p a r e n t l y  c o n s i d e r e d  w a t e r  e x p u l s i o n  t o  h av e  been  
o f  s u b o r d i n a t e  im p o r ta n c e ,  and  r e l a t e  d i s h  s t r u c t u r e  f o r m a t io n  t o  t h e
"s
p r o c e s s e s  o f  s e d im e n t  t r a n s p o r t  and d e p o s i t i o n .  W entw orth  (1967) s u g ­
g e s t s  t h a t  t h e  a l t e r n a t e  s c o u r i n g  and b r e a k i n g  o f  a n t i d u n e s  may r e s u l t  
i n  t h e  f o r m a t io n  o f  d i s h e s  w h i l e  S t a u f f e r  (1 9 6 7 )  r e l a t e s  t h e i r  fo rm a ­
t i o n  t o  l a t e  s t a g e  m o d i f i c a t i o n s  o f  l a m i n a t i o n s  fo rm ed  d u r i n g  mass 
f lo w a g e .  N e i t h e r  o f  t h e s e  a u t h o r s  o b s e r v e d  d i s h  s t r u c t u r e s  c r o s s -
c u t t i n g  p r im a ry  c u r r e n t  s t r u c t u r e s .  Many such  r e l a t i o n s h i p s  ( F i g u r e  
1 6 a )  o c c u r  i n  b e d s  o f  t h e  W i ld h o r s e  M oun ta in  F o rm a t io n  i n d i c a t i n g  t h a t  
d i s h  s t r u c t u r e s  may b e  e n t i r e l y  s e c o n d a r y  and  a r e  n o t  s p e c i f i c a l l y  
r e l a t e d  t o  p r o c e s s e s  o f  s e d im e n t  t r a n s p o r t  and d e p o s i t i o n .  They a r e  
t h e  r e s u l t  o f  p o s t - d e p o s i t i o n a l  p r o c e s s e s .
Lowe and L o P ic c o lo  (1974) and  Lowe (1975) s u g g e s t  a  s e q u e n c e  o f  
e v e n t s  i n c l u d i n g  c o n s o l i d a t i o n ,  w a t e r  e x p u l s i o n ,  l o c a l i z e d  p a r t i a l  
f l u i d i z a t i o n ,  e l u t r i a t i o n ,  and f i l t e r i n g  o f  e l u t r i a t e d  f i n e s  t o  e x p l a i n  
t h e  c l a y - e n r i c h m e n t  o f  t h e  d i s h  s t r u c t u r e ,  t h e  c l e a n  zo n es  b e n e a t h  t h e  
d i s h e s ,  and t h e i r  a s s o c i a t i o n  w i th  p i l l a r  s t r u c t u r e s .  Both Lowe an d  
L o P ic c o lo  (1974) and  Lowe (19 7 5 )  s u g g e s t  t h a t  t h e  d i f f e r e n c e s  b e tw e e n  
d i s h  s t r u c t u r e s  and e n r i c h e d  p r im a r y  l a m i n a t i o n s  can  be r e l a t e d  t o  t h e  
r a t e ,  m a g n i tu d e  and d u r a t i o n  o f  w a t e r  e x p u l s i o n .  They s u g g e s t  t h a t  
o n c e  t h e  d i s h  l a m i n a t i o n s  b e g in  t o  d e v e lo p ,  t h e y  become more c l a y - r i c h  
t h r o u g h  c o n t in u e d  s e e p a g e  a c r o s s  t h e i r  b o u n d a r i e s  and  more s t r o n g l y  
c o n ca v e  by s u b s i d e n c e  i n t o  p a r t i a l l y  e v a c u a te d  u n d e r l y i n g  l a y e r s  f ro m  
w hich  s e d im e n t  h a s  b een  rem oved by  f l u i d i z a t i o n .
Type C. T h in  l a m i n a t i o n s  on t h e  b o u n d a r i e s  o f  t y p e  A p i l l a r s  h a v e  been  
te rm e d  ty p e  C l a m i n a t i o n s .  They a r e  c o n n e c te d  w i th  ty p e  A o r  B 
s e c o n d a ry  l a m i n a t i o n s  ( F i g u r e  17 ) and  a r e  v e r t i c a l  e x t e n s i o n s  o f  t h e s e  
m ore h o r i z o n t a l  l a m i n a t i o n s .  They a p p e a r  t o  fo rm ' 'a s  f i n e  c l a y  and  
o r g a n i c  p a r t i c l e s ,  c a r r i e d  up i n t o  t h e  p i l l a r ,  a r e  f i l t e r e d  o u t  
a g a i n s t  t h e  p i l l a r  b o u n d a ry  by s e e p a g e  a c r o s s  t h e  b o u n d a ry .
Type D. Type D l a m i n a t i o n s  a r e  r e s t r i c t e d  t o  t h e  b a s e s  o f  s u b s i d e n c e  
l o b e s  in  t y p e  C c o n v o l u t i o n s  ( F i g u r e  1 3 ) .  They a r e  s i m i l a r  t o  t y p e  B 
l a m i n a t i o n s ,  b u t  o c c u r  o n ly  i n  m a t r i x - r i c h  b e d s ,  and a r e  n e v e r
a s s o c i a t e d  w i th  p r im a r y  s t r u c t u r e s .  T h e re  i s  commonly e v i d e n c e  o f  
s o f t - s e d i m e n t  d e f o r m a t io n  w i t h i n  t h e  l o b e  o f  s e d im e n t  above  t h e  
l a m i n a t i o n .
I t  i s  p r o b a b l e  t h a t  t h e s e  f e a t u r e s  fo rm  i n  t h e  same way a s  t y p e  B 
l a m i n a t i o n s ,  and  Lowe (1975 , F i g u r e  18) s u g g e s t s  t h a t  f e a t u r e s  s i m i l a r  
t o  t y p e  D l a m i n a t i o n s  may be  t h e  f i n a l  p r o d u c t  i n  an  e v o l u t i o n a r y  
s e q u e n c e  w h ich  b e g i n s  w i th  m ore o r d i n a r y  d i s h  and p i l l a r  s t r u c t u r e s .
In  some i n s t a n c e s ,  ho w ev er ,  i t  a p p e a r s  t h a t  s o f t - s e d i m e n t  f lo w a g e  and 
t h e  f o r m a t io n  o f  t y p e  D l a m i n a t i o n s  may h av e  begun a t  n e a r l y  t h e  same 
t i m e .  T h i s  i s  e v id e n c e d  by d efo rm ed  l a m i n a t i o n s  w i t h i n  t h e  lo b e  t h a t  
a r e  c o n fo rm a b le  w i th  t h e  t y p e  D l a m i n a t i o n  w hich  fo rm s  t h e  b o u n d a ry  o f  
t h e  l o b e .
The d i f f e r e n c e s  b e tw een  and t h e  r e l a t i o n s h i p s  among t h e  d i f f e r e n t  
t y p e s  o f  s e c o n d a ry  l a m i n a t i o n s  i s  shown i n  F ig u r e  32 .
P i l l a r  S t r u c t u r e s
The t e r m  p i l l a r s  was f i r s t  u s e d  by W entw orth  (1966) t o  d e s c r i b e  
f e a t u r e s  s i m i l a r  t o  t h e  ty p e  A p i l l a r s  o f  t h i s  r e p o r t .  W entw orth  a l s o  
r e f e r s  t o  p i l l a r s  a s  e l u t r i a t i o n  co lu m n s ,  a s  d o e s  C o r b e t t  ( 1 9 7 2 ) .  A 
num ber o f  o t h e r  p u b l i s h e d  names h a v e  been  u s e d  t o  r e f e r  t o  t h e s e  
f e a t u r e s ,  b u t ,  f o l l o w i n g  t h e  s u g g e s t i o n  o f  Lowe (1 9 7 5 ) ,  t h e  a u t h o r  
w i l l  r e t a i n  p i l l a r  a s  a  u s e f u l ,  n o n - g e n e t i c ,  d e s c r i p t i v e  te rm .
Lowe and  L o P ic c o lo  (1974) and  Lowe (1975) h av e  d e s c r i b e d ,  and 
d i s c u s s e d  t h e  o r i g i n s  o f  f o u r  p i l l a r  t y p e s ,  a l l  o f  w hich  w ere  o b s e r v e d  
i n  t h i s  s t u d y .  Type A p i l l a r s ,  w h ich  o c c u r  be tw een  l a t e r a l l y  a d j a c e n t  
ty p e  A o r  B l a m i n a t i o n s ,  a r e  a  v e r t i c a l  e x t e n s i o n  o f  t h e  h o r i z o n t a l
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F ig u r e  32 . H y p o th e s iz e d  se q u e n c e  o f  e v e n t s  g iv i n g  r i s e  t o  t y p e  A, Bf 
C and  D se c o n d a ry  l a m i n a t i o n s .  Bold a r ro w s  show sed im en t  f lo w a g e ,  
f i n e  a r ro w s  show w a te r  movement.
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l a y e r  o f  f l u i d i z e d  s e d im e n t  i n f e r r e d  t o  h av e  f lo w e d  b e n e a th  th e  
l a m i n a t i o n s .  The p i l l a r  r e p r e s e n t s  t h e  v e r t i c a l  f lo w  p a th  ta k e n  by 
w a t e r  m ov ing  upw ard  w i t h i n  t h e  b e d .
Type B p i l l a r s  a l s o  r e p r e s e n t  f lo w  c h a n n e l s  o f  e s c a p in g  w a te r ,  
b u t  a r e  g e n e r a l l y  l a r g e r  and more com plex  t h a n  t y p e  A p i l l a r s .  They 
o r i g i n a t e  i n  zo n e s  o f  s e d im e n t  u n a b le  t o  accommodate by s eep ag e  w a te r  
e s c a p i n g  f ro m  u n d e r l y i n g  s e d im e n ts .
Type C o r  f r e e  s u r f a c e  p i l l a r s  o r i g i n a t e  t h r o u g h  f l u i d i z a t i o n  o f  
t h e  u p p e r  l a y e r s  o f  c e r t a i n  s a n d  b e d s  and a p p e a r  a s  d i f f u s e  v e r t i c a l  
s t r e a k s  l e f t  by p o o r l y - d e f i n e d  o r  m i g r a t i n g  f l u i d i z a t i o n  c h a n n e l s .
Lowe (1 9 7 5 ,  p .  173) s u g g e s t s  t h a t  i n d i v i d u a l  t y p e  D o r  s t r e s s
l
p i l l a r s  ( F i g u r e  19) fo rm  l i k e  o t h e r  p i l l a r s  th r o u g h  l o c a l i z e d  f l u i d i z a ­
t i o n  and  e l u t r i a t i o n  o f  t h e  s e d im e n t .  He a l s o  s u g g e s t s  t h a t  t h e  s e d i ­
ment was u n d e r g o in g  h y d r o p l a s t i c  s h e a r  a t  t h e  t i m e  o f  t h e  p i l l a r  
f o r m a t i o n .  A dynam ic s i m i l a r i t y  t o  t h e  phenomenon o f  s t r e a m in g ,  w h ich  
ca n  be  o b s e r v e d  d u r i n g  t h e  s e t t l i n g  o f  a  d e n s e  s e d im e n t  c lo u d  ( A l l e n ,  
1 9 6 8 ) ,  and  a  h y d ro d y n am ic  c o n t r o l  on t h e  s p a c in g  w ere  a l s o  p ro p o s e d  by 
Lowe.
An a l t e r n a t e  m echanism  i s  h e r e  p r o p o s e d  w h ich  r e t a i n s  t h e  e l e m e n t s  
o f  f l u i d i z a t i o n ,  e l u t r i a t i o n ,  and a  h y d r o p l a s t i c  s t a t e  as  s u g g e s te d  by 
Lowe. A s e d im e n t  w i t h  a  low s t r e n g t h  may f a i l  u n d e r  e x t e n s i o n a l  s t r e s s  
th r o u g h  a  s e r i e s  o f  r e g u l a r l y  s p a c e d ,  n e a r - v e r t i c a l  r u p t u r e s  ( B i l l i n g s ,  
1954, p .  96 ; H i l l s ,  1963, p .  9 7 - 9 9 ) .  T h ese  r u p t u r e s  w i l l  b e  s i t e s  o f  
a b r u p t  p r e s s u r e  d r o p s  and w a te r ,  t h u s  drawn i n ,  may c a u s e  l o c a l i z e d  
f l u i d i z a t i o n  o r  p a r t i a l  f l u i d i z a t i o n  and  e l u t r i a t i o n .
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S o f t - S e d im e n t  F a u l t s
S o f t - s e d i m e n t  f a u l t s  a r e  r e l a t i v e l y  uncommon i n  t h e  s tu d y  a r e a .
Only a  few  c a s e s  w ere  o b s e r v e d ,  and t h e y  w ere  c a t e g o r i z e d  a s  h a v in g  
e i t h e r  v e r t i c a l  ( F ig u r e  12a)  o r  h o r i z o n t a l  ( F i g u r e  2 0 )  f a u l t  p l a n e s .  
S o f t - s e d im e n t  f a u l t s  o c c u r  when a  s h e a r  s t r e s s  i s  im posed  w hich 
l o c a l l y  e x c e e d s  t h e  s t r e n g t h  o f  t h e  s e d im e n t  o r  w here  l o c a l  s t r e n g t h  
r e d u c t i o n s  o c c u r  i n  a  s e d im e n t  u n d e r  s t r e s s .
In  t h e  f i r s t  exam ple  ( F ig u r e  1 2 a ) ,  l o a d i n g  o f  t h e  p l a n a r  l a m in a t e d  
B d i v i s i o n  i n t o  t h e  u n d e r l y i n g ,  l i q u e f i e d  A d i v i s i o n  l o c a l l y  e x c e e d e d  
t h e  s t r e n g t h  o f  t h e  B d i v i s i o n  and  r e s u l t e d / i n  f a u l t i n g .  L i q u e f a c ­
t i o n  in  t h e  A d i v i s i o n  i s  e v id e n c e d  by  t h e  p r e s e n c e  o f  d i s h  s t r u c ­
t u r e s .  T h i s  f a u l t  i s  a  g ro w th  f a u l t  w h ich  d i e s  o u t  i n  t h e  B d i v i s i o n  
and d a t e s  t h e  l i q u e f a c t i o n  and f a u l t i n g  a s  b e i n g  d u r in g  t h e  d e p o s i ­
t i o n  o f  t h e  f i r s t  h a l f  o f  t h e  B d i v i s i o n .
In  t h e  s e c o n d  exam ple  ( F ig u r e  2 0 )  t h e  f a u l t i n g  i s  p a r a l l e l  w i th  
t h e  bed s u r f a c e  and  t h e r e  a r e  s e v e r a l  s m a l l ,  p a r a l l e l  f a u l t s .  The 
f a u l t s  a r e  on  th e . s a m e  s c a l e  a s  d i s h  s t r u c t u r e s  o b s e r v e d  i n  o t h e r  b e d s  
and a r e  m arked  by  t h i n  c l a y  l a m i n a t i o n s .  The s u g g e s t i o n  i s  made t h a t  
t h e  f a u l t s  fo rm e d  i n  a  f a s h i o n  s i m i l a r  t o  d i s h e s  e x c e p t  t h a t  i n s t e a d  
o f  a  s im p le  v e r t i c a l  s e t t i n g  o f  t h e  o v e r l y i n g  s e d im e n t ,  t h e r e  was 
a l s o  a  l a t e r a l  com ponent o f  s l i p p a g e .
S e q u en ce s  o f  F o rm a t io n
R e l a t i o n s h i p s  among t h e  v a r i o u s  s e c o n d a ry  s t r u c t u r e s  can be  u se d  
to  e s t a b l i s h  t h e  r e l a t i v e  t i m e s  o f ,  and  t h e  s e q u e n c e s  o f  e v e n t s  
l e a d i n g  t o  t h e i r  f o r m a t io n  ( F ig u r e  3 3 ) .
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F i g u r e  3 3 .  P a r a g e n e s i s  o f  sa n d  d e p o s i t i o n ,  s e c o n d a ry  p r o c e s s e s  and  f o r m a t io n  o f  s e c o n d a ry  s t r u c t u r e s  i n  
t u r b i d i t e s  o f  t h e  W i ld h o rs e  M oun ta in  F o rm a t io n .  R ap id  d e p o s i t i o n ,  m o d e ra te  t h i c k n e s s  and  t h e  d e v e l o p ­
ment o f  t h e  A th r o u g h  D Bouma d i v i s i o n s  a r e  assum ed . D iagram  shows o n ly  r e l a t i v e  t im e  w i th  r e f e r e n c e  t o  
d e p o s i t i o n  and  n o t  t h e  l o c a t i o n  w i t h i n  t h e  bed  w here  t h e  p r o c e s s e s  a r e  t a k i n g  p l a c e  o r  t h e  s t r u c t u r e s  
a r e  f o rm in g .  S o l i d  l i n e s  show w here  e v id e n c e  i s  a v a i l a b l e  t o  e s t a b l i s h  r e l a t i v e  t i m e s ,  d a s h e d  l i n e s  
a r e  i n f e r e n c e s .
D ish  s t r u c t u r e s ,  w here  d e v e lo p e d  i n  a s s o c i a t i o n  w i t h  p r im a ry  
s t r u c t u r e s ,  a lw a y s  c r o s s - c u t  t h e  p r im a ry  s t r u c t u r e s  ( F ig u r e  1 5 ) .
D is h e s  a l s o ,  w i t h o u t  e x c e p t i o n ,  c r o s s - c u t  c o n v o l u t i o n s  ( F ig u r e  1 2 b ) ,  
b u t  i n  some i n s t a n c e s  t h e y  may show a  s l i g h t  r o t a t i o n  ( s e e  Lowe and 
L o P ic c o lo ,  1974 , F i g u r e  9 e ,  p .  4 9 6 ) .  D is h  s t r u c t u r e s  may c r o s s - c u t  
o t h e r  d i s h e s  ( F i g u r e  1 6 b ) .
D is h e s  a r e  c l e a r l y ,  t h e r e f o r e ,  p o s t - d e p o s i t i o n  f e a t u r e s .  Where 
a s s o c i a t e d  w i t h  c o n v o l u t e  l a m i n a t i o n s ,  t h e y  o r i g i n a t e  a f t e r ,  o r  n e a r  
t h e  end  o f ,  t h e  f o r m a t i o n  o f  t h e  c o n v o l u t e  l a m i n a t i o n s .  More th a n  one 
p e r i o d  o f  d i s h  s t r u c t u r e  f o r m a t io n  may t a k e  p l a c e  i n  a  g iv e n  bed .
Type A and B c o n v o l u t i o n s ,  w h ich  in v o l v e  c r o s s - o r  f l a t - l a m i n a t e d  
s e d im e n t ,  o b v i o u s l y  m u s t f o l l o w  t h e  d e p o s i t i o n  o f  t h e  s e d im e n t .  In 
some i n s t a n c e s ,  h o w ev e r ,  t h e y  a p p e a r  t o  h a v e  i n t e r a c t e d  w i th  t h e  f lo w  
( F ig u r e  11; and  K uenen , 1953) and may t h e r e f o r e  b e  s y n d e p o s i t i o n a l .  
Type C c o n v o l u t i o n s  ( F i g u r e  1 3 ) ,  w hich  a r e  a lw ay s  a s s o c i a t e d  w i th  ty p e  
5 s a n d s to n e  b e d s ,  a p p e a r  t o  r e p r e s e n t  an e a r l y  p o s t - o r  s y n d e p o s i t i o n a l  
r e o r g a n i z a t i o n  o f  l i q u e f i e d  o r  d e b r i s  f lo w  d e p o s i t s .
Type A and  B p i l l a r s  c r o s s - c u t  p r im a r y  s t r u c t u r e s  and c o n v o lu te  
l a m i n a t i o n s  w here  t h e y  a r e  a s s o c i a t e d  w i th  them ( F i g u r e s  12b, 14, 17, 
and 1 8 ) .  No ty p e  B p i l l a r s  w ere  o b s e r v e d  i n  a s s o c i a t i o n  w i th  d i s h  
s t r u c t u r e s  in  t h e  s t u d y  a r e a ,  b u t  i n  o t h e r  a r e a s  o f  t h e  O u a c h i t a s  th e y  
have  been  o b s e r v e d  c r o s s - c u t t i n g  d i s h e s  ( s e e  Lowe and  L o P ic c o lo ,  1974, 
F ig u r e  2 b ,  p .  4 8 6 ) .  F r e e  s u r f a c e  p i l l a r s  a r e  n e v e r  d i r e c t l y  a s s o c i a t e d  
w i th  o t h e r  s t r u c t u r e s ,  b u t  o v e r l i e  i n t e r v a l s  show ing  d i s h  and p i l l a r  
s t r u c t u r e s  w h ich  i n  t u r n  may be  a s s o c i a t e d  w i th  p r im a r y  s t r u c t u r e s  
( F i g u r e  1 5 a ) .  S t r e s s  p i l l a r s  a r e  l i m i t e d  i n  t h e i r  o c c u r r e n c e  t o  ty p e  5 
b ed s  and may be fo u n d  i n  a s s o c i a t i o n ,  w i th  ty p e  C c o n v o l u t i o n s .
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H o r i z o n t a l  f a u l t s  h a v e  b een  n o t e d  o n ly  i n  a s s o c i a t i o n  w i th  d i s h e s  
c r o s s - c u t t i n g  t y p e  A c o n v o l u t e  l a m i n a t i o n s  ( F i g u r e  2 0 ) .  The s e n s e  o f  
s h e a r  on t h e  f a u l t  p l a n e s  i s  c o m p a t ib l e  w i th  t h e  d e f o r m a t io n  o f  t h e  
c r o s s - l a m i n a t i o n s  w h ich  s u g g e s t s ,  b u t  d o es  n o t  p r o v e ,  s y n c h r o n e i t y .
The v e r t i c a l  f a u l t  c u t s  a  s e r i e s  o f  p l a n a r  l a m i n a t i o n s  w h ich  h av e  been  
d e fo rm e d  i n t o  ty p e  B c o n v o l u t e  l a m i n a t i o n s .  Both  t h e  d i s p l a c e m e n t  on 
t h e  f a u l t  and t h e  d e g r e e  o f  f o l d i n g  d e c r e a s e  to w a rd s  t h e  t o p  o f  t h e  
bed  w hich  a l s o  s u g g e s t s  s y n c h ro n o u s  f o l d i n g  and  f a u l t i n g .
The f o r m a t io n  o f  a l l  o f  t h e  s e c o n d a r y  s t r u c t u r e s  o b s e r v e d  i n  t h e  
W i ld h o r s e  M ounta in  F o rm a t io n  can  be  r e l a t e d  t o  o n e  o r  m ore o f  t h e  f o l ­
lo w in g  p r o c e s s e s :  l i q u e f a c t i o n ;  f l u i d i z a t i o n ;  and s o f t - s e d i m e n t  f lo w ag e
o f  l i q u e f i e d  o r  h y d r o p l a s t i c  s e d im e n t .
S u s c e p t i b i l i t y  t o  b o th  l i q u e f a c t i o n  and  f l u i d i z a t i o n  i s  a  f u n c t i o n  
o f  s e d im e n t  g r a i n  s i z e ;  c o a r s e  s i l t s  t o  v e r y  f i n e - g r a i n e d  s a n d s  a r e  
g e n e r a l l y  more s u s c e p t i b l e  t h a n  c o a r s e r  o r  f i n e r  s e d im e n t  (L ee  and 
S e e d ,  1967; Seed , 1968; and  Lowe, 1 9 7 6 ) .  The mean g r a i n  s i z e  o f  a l l  
b e d s  i n  t h e  W i ld h o r s e  M o u n ta in  F o rm a t io n  w hich  showed s e c o n d a r y  s t r u c ­
t u r e s  l i e  w i t h i n  t h i s  r a n g e ,  w i th  a  mean o f  3 0 (A ppend ix  B ) .
D e p o s i t i o n a l  p a c k in g  a l s o  a f f e c t s  t h e  s u s c e p t i b i l i t y  o f  n a t u r a l
i
s e d im e n t s  t o  l i q u e f a c t i o n  (S e e d ,  1968) and f l u i d i z a t i o n  (L ev a ,  1 9 6 5 ) :  
more l o o s e l y  p ack e d  s e d im e n ts  a r e  more r e a d i l y  l i q u e f i e d  th a n  
d e n s e r  s e d im e n t s .
A l l e n  (1972) h a s  shown t h a t  s e d im e n t  d e p o s i t e d  by  a v a l a n c h i n g  on 
t h e  l e e  s i d e s  o f  r i p p l e s  i s  among t h e  m os t l o o s e l y  p a c k e d  o f  n a t u r a l l y  
d e p o s i t e d  s a n d s .  Lowe (19 7 5 )  h a s  s u g g e s t e d  t h a t  c r o s s - l a m i n a t e d  u n i t s
C o n t r o l s  on F o rm a t io n
m ore commonly show w a t e r - e s c a p e  s t r u c t u r e s  t h a n  f l a t  l a m in a t e d  beds
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b e c a u s e  o f  t h e i r  h i g h e r  i n i t i a l  p o r o s i t i e s .  T h i s  o b s e r v a t i o n  i s  s u p ­
p o r t e d  by an a n a l y s i s  o f  v a r i a n c e  (T a b le  6 ) w h ich  shows t h a t  f r e q u e n c y  
o f  o c c u r r e n c e  o f  s e c o n d a r y  s t r u c t u r e s  i s  s i g n i f i c a n t l y  ( P <  ,0 1 )  d i f ­
f e r e n t  f o r  d i f f e r e n t  p r im a r y  s t r u c t u r e s ;  b e d s  w i th  c r o s s - l a m i n a t e d  
i n t e r v a l s  h a v e  t h e  h i g h e s t  f r e q u e n c e  o f  s e c o n d a r y  s t r u c t u r e s .
The m ost common n a t u r a l  c a u s e s  o f  s e d im e n t  l i q u e f a c t i o n  i n c lu d e  
c y c l i c  l o a d i n g  due  t o  e a r t h q u a k e s  (S eed ,  1968) and p r o c e s s e s  a s s o c i a t e d  
w i th  t h e  d e p o s i t i o n  o f  s a n d  b e d s  (Lowe, 1 9 7 5 ) .  C y c l i c  l o a d i n g  due t o  
e a r t h q u a k e s  can  p r o b a b ly  b e  d i s c o u n t e d  a s  a  common c a u s e  o f  t h e  
l i q u e f a c t i o n  o f  san d  b e d s  i n  t h e  W i ld h o r s e  M oun ta in  F o rm a t io n .  The 
s y n c h r o n e i t y  o f  d e p o s i t i o n  and  t h e  f o r m a t io n  o f  s e c o n d a r y  s t r u c t u r e s  
( F i g u r e  33) would  r e q u i r e  an  e x t r e m e l y  f o r t u i t o u s  c o i n c i d e n c e  o f  e a r t h ­
q u a k e s  w i th  s e d im e n t  d e p o s i t i o n .  D i s t u r b a n c e s  o f  e a r l i e r - d e p o s i t e d ,  
m e t a s t a b l e  s e d im e n ts  by t h e  o v e r l y i n g  f lo w  and w a te r  e x p u l s i o n  r e s u l t ­
i n g  from  lo a d i n g  c o n s o l i d a t i o n  a r e  t h e  m ost p r o b a b l e  e x p l a n a t i o n s  o f  
t h e  l i q u e f a c t i o n  e v e n t s  r e c o r d e d  by t h e  s e c o n d a ry  s t r u c t u r e s .
T h e re  i s  no d i r e c t  way t o  e v a l u a t e  t h e  r o l e  o f  o v e r l y i n g  c u r r e n t s ,  
i n  t r i g g e r i n g  l i q u e f a c t i o n ,  b u t  t h e r e  i s  e v i d e n c e  w hich  s u g g e s t s  t h a t  
w a t e r  e x p u l s i o n  from  u n d e r l y i n g  u n i t s  may h a v e  been  a t  l e a s t  p a r t i a l l y  
r e s p o n s i b l e .  L o ad in g  o f  a  c l a y  bed  l e a d s  t o  c o m p ac tio n  o f  t h e  bed  in  
p r o p o r t i o n  t o  t h e  m a g n i tu d e  o f  t h e  a p p l i e d  lo a d .  I f  t h e  bed  i s  w a t e r -  
s a t u r a t e d ,  t h e  e x c e s s  w a t e r  w i l l  be e x p e l l e d .  R ig i d  sa n d  g r a i n s  in  
f r i c t i o n a l  c o n t a c t  w i th  o n e  a n o t h e r ,  how ever ,  a r e  c a p a b l e  o f  s u p p o r t i n g  
c o n s i d e r a b l e  l o a d s  and s t a t i c  l o a d i n g  th r o u g h  d e p o s i t i o n  o f  o v e r l y i n g  
b e d s  w i l l  c a u s e  l i t t l e ,  i f  any ,  c o m p a c tio n  o r  w a t e r  e x p u l s i o n .  The 
a n a l y s i s  o f  v a r i a n c e  ( T a b le  6 ) shows t h a t ,  i n  a d d i t i o n  t o  th e  p r im a ry
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Source d . f . M.S. F STD.B
TOTAL 98
PRIMARY 3 1 .1 0 9 5 .9 5 * *
BEDTH 1 1 .6 8 0 9 .0 0 * * 0 .3 5 4
SHALETH 1 0 .1 3 1 0 .7 0 0 .0 9 0
RATIO 1 0 .3 8 9 2 .0 8 - 0 .1 5 9
PCTSH5 1 0 .0 4 9 0 .2 6 - 0 .0 9 3
PCTSH10 1 0 . 6 8 8 3. 58a 0 .3 3 2
ERROR 90 0 .1 8 7
D e f i n i t i o n s :
S o u rce  -  h y p o th e s i z e d  s o u r c e  o f  v a r i a t i o n  ( v a r i a b l e s )  
d . f .  -  d e g r e e s  o f  f re e d o m  a s s o c i a t i o n  w i th  e a c h  s o u r c e
M.S. -  mean s q u a r e s  = sum o f  s q u a r e s  due t o  s o u r c e / d e g r e e s  o f
freedom
F -  r a t i o  o f  mean s q u a r e s  due t o  f a c t o r  t o  mean s q u a r e s  due
t o  e r r o r ;  ** and  " a "  = s i g n i f i c a n t  a t  . 0 1  and . 10  
s i g n i f i c a n c e  l e v e l s ,  r e s p e c t i v e l y  
STD.B -  s t a n d a r d i z e d  p a r t i a l  r e g r e s s i o n  c o e f f i c i e n t s
C l a s s i f i c a t o r y  v a r i a b l e s  -  PRIMARY
% Showing
P r im a ry  S e c o n d a ry
C la s s  D e f i n i t i o n  S t r u c t u r e s
1 Shows Bouma A & B d i v i s i o n s  o n ly  41
2 Shows Bouma A, B, C; B, C; o r  C -o n ly  d i v i s i o n s  78
3 Shows Bouma B -o n ly  d i v i s i o n s  25
4 Shows no d i s t i n c t  p r im a r y  s t r u c t u r e s  52
C o n t in u o u s ly  d i s t r i b u t e d  v a r i a b l e s :
BEDTH -  t h i c k n e s s  o f  b e d ,  i n  f e e t
SHALETH -  t h i c k n e s s  o f  u n d e r l y i n g  s h a l e  bed ,  i n  f e e t
RATIO -  BEDTH/SHALETH
PCTSH5 -  p e r c e n t  s h a l e  i n  f i v e  f o o t  i n t e r v a l  b e n e a th  bed
PCTSH10 -  p e r c e n t  s h a l e  i n  t e n  f o o t  i n t e r v a l  b e n e a th  bed
T a b le  6 . A n a ly s i s  o f  v a r i a n c e  t a b l e  and s t a n d a r i z e d  p a r t i a l  r e g r e s ­
s i o n  c o e f f i c i e n t s  f o r  t e s t i n g  r e l a t i o n s h i p s  be tw een  s e c o n d a ry  
s t r u c t u r e s  and bed p r o p e r t i e s .
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s t r u c t u r e s ,  b o th  bed  t h i c k n e s s  ( P < . 0 1 )  and  t h e  p e r c e n t a g e  o f  s h a l e  i n  
th e  t e n  f e e t  be low  t h e  bed ( P <  .1 0 )  a r e  p o s i t i v e l y  r e l a t e d  t o  t h e  
d ev e lo p m en t  o f  s e c o n d a ry  s t r u c t u r e s .  I t  i s  t h u s  c o n c lu d e d  t h a t  w a te r  
e x p u l s i o n  from  c o m p a c t in g  s h a l e s  was t h e  m o s t  l i k e l y  c a u s e  f o r  
l i q u e f a c t i o n .
I t  i s  a l s o  c o n c lu d e d  f ro m  T a b le  6 t h a t  t h i n  b e d s  d i d  n o t  in d u c e  
c o m p a c t io n  and s u f f i c i e n t l y  h ig h  r a t e s  o f  w a t e r  e x p u l s i o n  t o  t r i g g e r  
l i q u e f a c t i o n .  An e x a m in a t io n  o f  t h e  d i s t r i b u t i o n  o f  s e c o n d a ry  
s t r u c t u r e s  s u g g e s t s  a  minimum bed t h i c k n e s s  o f  10 t o  15 c e n t i m e t e r s  
was r e q u i r e d .
The ab u n d an ce  o f  s e c o n d a ry  s t r u c t u r e s  i n  t h e  s a n d s to n e  b e d s  o f  
t h e  W i ld h o r s e  M o u n ta in  F o rm a t io n  can b e  a t t r i b u t e d  i n  p a r t ,  a t  l e a s t ,  
t o  f i v e  f a c t o r s :  1 ) f i n e - g r a i n  s i z e ;  2 ) t h e  common d e p o s i t i o n  o f
l o o s e l y  p a c k e d ,  c r o s s - l a m i n a t e d  sand ; 3 )  a b u n d a n t  i n t e r b e d d e d  s h a l e s ;  
4) r e l a t i v e l y  h i g h  i n s t a n t a n e o u s  r a t e s  o f  s a n d  d e p o s i t i o n ;  and  5) 
common bed  t h i c k n e s s  i n  e x c e s s  o f  15 c e n t i m e t e r s .
i
RELATIONSHIPS BETWEEN SEDIMENT DEPOSITION 
AND PHYSICAL DIAGENESIS
O b s e r v a t io n s  made in  p r e c e e d in g  c h a p t e r s  s u g g e s t  a  d i s t i n c t  
r e l a t i o n s h i p  b e tw ee n  t h e  mode i n  w hich  s e d im e n t  i s  d e p o s i t e d  and  
t h e  s u b s e q u e n t  f o r m a t io n  o f  s e c o n d a ry  s t r u c t u r e s .
Type 1 b e d s ,  w hich  show no s e c o n d a r y  s t r u c t u r e s ,  a r e  p r e f e r e n t i a l ­
l y  d i s t r i b u t e d  a b o u t  t h e  m a rg in s  o f  a  m id - f a n  t y p e  o f  d e p o s i t i o n a l  
l o b e  w h ich  was i n f e r r e d  t o  b e  t h e  d o m in an t  p h y s i o g r a p h i c  f e a t u r e  i n  
t h e  a r e a .  T h ese  b e d s ,  w hich  a r e  commonly t h i n ,  a r e  i n t e r p r e t e d  t o  h av e  
b een  d e p o s i t e d  by  b r o a d ,  r e l a t i v e l y  lo w -e n e rg y  t u r b i d i t y  c u r r e n t s  
w h ich  w ere  w e l l  rem oved from  any d i s t r i b u t a r y  c h a n n e l s .  Some ty p e  1 
b e d s  a r e  t h i c k  and  r e l a t i v e l y  p r o x im a l ,  b u t  c o n s i s t  a lm o s t  e n t i r e l y  
o f  p l a n a r  l a m i n a t i o n s .  T h ese  b e d s  w ere  r e s i s t e n t  t o  l i q u e f a c t i o n  
b e c a u s e  o f  t h e i r  low d e p o s i t i o n a l  p o r o s i t i e s .
Type 2 b e d s ,  w h ich  show a  w id e  v a r i e t y  o f  s e c o n d a ry  s t r u c t u r e s ,  
w ere  g e n e r a l l y  d e p o s i t e d  i n  more p r o x im a l  p o s i t i o n s  on t h e  d e p o s i t i o n a l  
l o b e .  They a r e  i n t e r p r e t e d  t o  h a v e  been  d e p o s i t e d  by r e l a t i v e l y  
v i g o r o u s  t u r b i d i t y  c u r r e n t s  n e a r  t o ,  b u t  n o t  w i t h i n  d i s t r i b u t a r y  
c h a n n e l s .  D e p o s i t i o n a l  was r a p i d ,  a s  t h e  f l o w s  s p r e a d  l a t e r a l l y  i n t o  
s h e e t  f lo w s  and  l o s t  pow er, and m o d e r a te l y  t h i c k  b e d s  w ere  d e p o s i t e d  
i n  a  s h o r t  p e r i o d  o f  t im e .  W ate r  e x p u l s i o n ,  r e s u l t i n g  from  lo a d in g  
c o n s o l i d a t i o n  o f  u n d e r l y i n g  u n i t s ,  commonly d i s r u p t e d  t h e  lo o s e  
d e p o s i t i o n a l  f ram ew ork  o f  t h e s e  b e d s  l e a d i n g  t o  l i q u e f a c t i o n  and t h e  
d e v e lo p m en t  o f  a b u n d a n t  s e c o n d a ry  s t r u c t u r e s .
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Type 3 beds, which show alternating zones of structureless, dish
i
s t r u c t u r e d  and  p l a n a r  l a m in a t e d  s e d im e n t ,  a r e  m ost common in  w hat a r e  
i n t e r p r e t e d  a s  d i s t r i b u t a r y  c h a n n e l s  on t h e  s u r f a c e  o f  t h e  d e p o s i t i o n a l  
l o b e .  T hese  b e d s  w ere  a l s o  d e p o s i t e d  r a p i d l y ,  b u t  by p o w e r f u l ,  u p p e r  
f lo w  re g im e  c u r r e n t s  c o n s t r a i n e d  by c h a n n e l s .  C o n s o l i d a t i o n  o f  
r e l a t i v e l y  t h i c k ,  l i q u e f i e d  A d i v i s i o n s  i n  t h e s e  b e d s  l e d  t o  t h e  common 
d e v e lo p m e n t  o f  d i s h  s t r u c t u r e s  w i t h i n  t h e  A d i v i s i o n  and  t h e  o b s e r v e d  
s e q u e n c e  o f  s t r u c t u r e s .  L i q u e f a c t i o n  may h a v e  o c c u r r e d  a f t e r  t h e  
d e p o s i t i o n  o f  t h e  l o o s e l y  p ack e d  A d i v i s i o n  o r  t h e  s e d im e n t  may h av e  
b een  d e p o s i t e d  in  a  l i q u e f i e d  s t a t e  (M id d le to n ,  1 9 6 7 ) .
Type 4 b e d s ,  w h ich  show d i s h  s t r u c t u r e s  o n l y ,  a r e  s i m i l a r  in  
d i s t r i b u t i o n  and o r i g i n  t o  t h e  t y p e  2 b e d s .  They d i f f e r  i n  t h a t  th e y  
h a v e ,  f o r  unknown r e a s o n s ,  s u f f e r e d  more e x t e n s i v e  and p e r v a s i v e  
p o s t - d e p o s i t i o n a l  r e o r g a n i z a t i o n .
Type 5 b e d s ,  wfiich a r e  m a t r i x - r i c h  and  c o n t a i n  t y p e '  C c o n v o l u t i o n s  
and  s t r e s s  p i l l a r s ,  a l s o  show a  d i s t r i b u t i o n  s i m i l a r  t o  t y p e  2 b e d s .  
They a r e  com posed o f  s e d im e n t  w h ich  p r o b a b ly  was d e p o s i t e d  f i r s t  a s  
t u r b i d i t e s  and  s u b s e q u e n t l y  u n d e rw e s t  f a i l u r e  and movement by 
l i q u e f i e d  f lo w a g e .
Type 6 b e d s ,  w hich  a r e  a l s o  m a t r i x - r i c h ,  show o n l y  r a r e  d i s h  
s t r u c t u r e s  and  a r e  l a r g e l y  r e s t r i c t e d  t o  two d i s t i n c t  i n t e r v a l s  i n  th e  
s e c t i o n .  The lo w e r  i n t e r v a l ,  U n i t  2 ,  i s  i n t e r p r e t e d  a s  t h e  r e s u l t  o f  
an e x t r a o r d i n a r y  e v e n t  w h ich  c a u s e d  l i q u e f i e d  o r  d e b r i s  f lo w s  t o  move 
o u t  i n t o  t h e  lo w e r  p a r t  o f  t h e  d e p o s i t i o n a l  l o b e .  The u p p e r  i n t e r v a l ,  
U n i t  7 ,  r e s u l t e d  fron? u n s t a b l e  b o t to m  c o n d i t i o n s  d e v e lo p e d  n e a r  t h e  
u p p e r  r e a c h e s  o f  t h e  d e p o s i t i o n a l  lo b e .  S e c o n d a ry  s t r u c t u r e s  a r e  
uncommon b e c a u s e  any l i q u e f a c t i o n  e v e n t s ,  n e c e s s a r y  f o r  t h e  f o r m a t io n
o f  s e c o n d a ry  s t r u c t u r e s ,  r e s u l t e d  i n  s e d im e n t  f a i l u r e  and dow nslope  
f lo w a g e .
The a p p l ic a t io n  o f  secondary sed im entary  s t r u c tu r e s  to  th e  
in te r p r e ta t io n  o f  d e p o s it io n a l  environm ents o f  o th e r  rock  sequences 
should  prove to  be a v a lu a b le  supplem ent to  th e  c u r re n t ly  accep ted  
tech n iq u es  u s in g  p rim ary  sed im entary  s t r u c tu r e s  and te x tu r e s .  B efore 
th e  id e a s  p re se n te d  h e re  a re  p u t to  g e n e ra l u se , however, they  should  
be su b je c te d  to  f u r th e r  t e s t i n g .
D e t a i l e d  i n v e s t i g a t i o n s  o f  t h e  r e m a in d e r  o f  t h e  J a c k f o r k  Group, 
w h ich  i s  e x p o s e d  in  o u t c r o p s  above  and  be low  t h e  s t u d i e d  o u t c r o p s ,  
m ust be c o n d u c t e d  i n  o r d e r  t o  b e t t e r  d e f i n e  t h e  r a n g e  o f  d e p o s i t i o n a l  
e n v i ro n m e n ts  w hich  o c c u r r e d  i n  t h e  a r e a  d u r i n g  t h e  p e r i o d  o f  f l y s c h  
s e d i m e n t a t i o n .  The r e s u l t s  o f  su ch  i n v e s t i g a t i o n s  s h o u ld  b e  u s e f u l  
i n  f u r t h e r  e v a l u a t i n g  t h e  a p p r o p r i a t n e s s  o f  t h e  d e p o s i t i o n a l  lo b e  
m odel and may p r o v i d e  more i n f o r m a t i o n  on r e l a t i o n s h i p s  be tw een  
d e p o s i t i o n  and  p h y s i c a l  d i a g e n e s i s .  E x a m in a t io n  o f  o t h e r  W i ld h o r s e  
M ounta in  F o rm a t io n  o u t c r o p s  may p r o v i d e  i n f o r m a t i o n  u s e f u l  i n  
c o n s t r u c t i n g  a  m ore a c c u r a t e ,  t h r e e - d i m e n s i o n a l  p i c t u r e  o f  t h e  i n f e r r e d  
d e p o s i t i o n a l  lo b e  and t h e  d i s t r i b u t i o n  o f  b ed  t y p e s  upon i t .
D ish  s t r u c t u r e s  h a v e  been  r e p o r t e d  in  o t h e r  a n c i e n t  f l y s c h  
s e q u e n c e s  ( s e e  W en tw orth ,  1965; S t a u f f e r ,  1967; C o r b e t t ,  1972; Lowe and 
L o P ic c o lo ,  1974 ; Lowe, 1975; and Nagahama, O ta ,  and  Aozoma, 1975) and 
a r e  u n d o u b te d ly  p r e s e n t  i n  many o t h e r s .  T h ese  s e q u e n c e s  need  t o  be 
exam ined  f o r  t h e  d e t a i l e d  d i s t r i b u t i o n  o f  t h e s e  s e c o n d a ry  s t r u c t u r e s  
w i th  r e s p e c t  t o  l o c a l  e n v i ro n m e n ts  o f  d e p o s i t i o n .
CONCLUSIONS
I 1
(1 )  A w ide v a r i e t y  o f  s e c o n d a ry  s t r u c t u r e s  a r e  d e v e lo p e d  in  s a n d s to n e s  
o f  th e  W ild h o rse  M oun ta in  F o rm a tio n  w hich  a r e  t h e  r e s u l t  o f  s y n -  
o r  e a r l y  p o s t - d e p o s i t i o n a l  w a te r  e x p u l s io n  and  l i q u e f a c t i o n .  
I n d iv i d u a l  s t r u c t u r e s  can  b e  r e l a t e d ,  v a r i o u s l y  to  l o c a l i z e d  
f l u i d i z a t i o n ,  e l u t r i a t i o n ,  and  l i q u e f i e d  o r  h y d r o p l a s t i c  s o f t -
.s e d im e n t f lo w a g e .
(2 )  B ased  upon d i f f e r e n c e s  i n  t h e  ty p e s  o f  s e d im e n ta ry  s t r u c t u r e s  
p r e s e n t  and  th e  t e x t u r a l  c h a r a c t e r i s t i c s  o f  t h e  s e d im e n t ,  s i x  
d i f f e r e n t  b e d d in g  ty p e s  a r e  r e c o g n iz e d .  F o u r  o f  t h e s e  b e d d in g  
ty p e s  r e s u l t e d  from  d e p o s i t i o n  by t u r b i d i t y  c u r r e n t s ;  t h e  o t h e r s  
from  l i q u e f i e d  f lo w s  and  l i q u e f i e d  o r  d e b r i s  f lo w s .  The 
t u r b i d i t e s  show: 1 )  p r im a ry  s t r u c t u r e s  o n ly ;  2 ) p r im a ry  s t r u c t u r e s
w ith  se c o n d a ry  s t r u c t u r e s  s u p e rp o s e d ;  3 ) a l t e r n a t i n g  s t r u c t u r e -  
l e s s ,  d i s h - s t r u c t u r e d ,  and  p l a n a r  la m in a te d  z o n e s ; o r  4 ) d i s h  
s t r u c t u r e s  o n ly .  The l i q u e f i e d  f lo w  d e p o s i t s  a r e  m a t r i x - r i c h  and 
show e x tre m e ly  c o n v o lu te d  la m in a t io n s ,  d i s h  s t r u c t u r e s  and s t r e s s  
p i l l a r s .  The l i q u e f i e d  o r  d e b r i s  f lo w  d e p o s i t s  a r e  a l s o  m a t r ix -  
r i c h  and  show o n ly  v ag u e  h o r i z o n t a l  p a r t i n g  p l a n e s .
V a r i a t i o n s  in  th e  d i s t r i b u t i o n  o f  t h e  b e d d in g  ty p e s  d e f in e  se v e n , 
in f o r m a l  s t r a t i g r a p h i c  u n i t s .  T h ese  u n i t s  a r e  i n t e r p r e t e d  t o  be  
th e  r e s u l t  o f  d e p o s i t i o n  on a  w estw ard ly . p r o g r a d in g  d e p o s i t i o n a l
I
lo b e .
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(3 ) D e p o s i t io n  by  t u r b i d i t y  c u r r e n t s  o c c u r r e d  e v e ry w h e re  on th e  lo b e ,  
b u t  d i f f e r e n c e s  in  th e  s t y l e s  o f  d e p o s i t i o n  on d i f f e r e n t  p a r t s  o f  
t h e  lo b e  r e s u l t e d  in  t u r b i d i t e s  w ith  d i f f e r e n t  s u i t e s  o f  s e d im e n ta ry  
s t r u c t u r e s .  D i s t a l  t u r b i d i t e s ,  o v e rb a n k  t u r b i d i t e s ,  and t u r b i d i t e s  
d o m in a te d  by p l a n a r  la m in a t io n s  show few  se c o n d a ry  s t r u c t u r e s .
P ro x im a l,  n o n -c h a n n e l,  t u r b i d i t e s  show a b u n d a n t s e c o n d a ry  s t r u c t u r e s  
su p erp o sec l on p r im a ry  s t r u c t u r e s .  C h an n e l t u r b i d i t e s  a r e  r e l a t i v e l y  
t h i c k  and commonly show a l t e r n a t i n g  A and  B Bouma d i v i s i o n s  w ith  
d i s h  s t r u c t u r e s  in  th e  A d i v i s i o n .
(4 )  L iq u e f ie d  f lo w s  w ere a p p a r e n t ly  r e s t r i c t e d  t o  t h e  lo w e r p a r t s  o f  
t h e  lo b e ,  w ere  v e ry  l o c a l l y  d e r iv e d ,  and n o t e s p e c i a l l y  v ig o r o u s .  
L iq u e f ie d  o r  d e b r i s  f lo w s  w ere  l a r g e l y  r e s t r i c t e d  t o  t h e  u p p e r  
r e a c h e s  o f  t h e  lo b e ,  w ere  p r o b a b ly  a l s o  o f  l o c a l  o r i g i n ,  b u t  d i f f e r  
fro m  l i q u e f i e d  f lo w s  in  t h a t  th e y  a p p e a r  t o  h a v e  been  c h a r a c t e r i z e d  
by  h ig h e r  d e p o s i t i o n a l  e n e rg y .  L iq u e f ie d  o r  d e b r i s  f lo w  d e p o s i t s  
a lm o s t  n e v e r  show any e v id e n c e  o f  p o s t - d e p o s i t i o n a l  r e o r g a n i z a t i o n ;  
t h i s  i s  p ro b a b ly  a  r e f l e c t i o n  o f  u n s t a b l e  b o tto m  c o n d i t i o n s  su ch  
t h a t  any  p e r io d s  o f  l i q u e f a c t i o n  r e s u l t e d  i n  f a i l u r e  and dow nslope  
f lo w a g e  r a t h e r  th a n  t h e  d ev e lo p m en t o f  s e c o n d a ry  s t r u c t u r e s .
/
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A p p en d ix  A. M easured  S e c t io n s
The l o c a t i o n  o f  t h e  v a r io u s  s e c t i o n s  i s  g iv e n  b y  F ig u r e  3 , page  
16c The v e r t i c a l  b a r  on t h e  l e f t  m a rg in  g iv e s  t h e  d i s t a n c e  above th e  
b a s e  in  m e te r s .  Sam ple l o c a t i o n s  a r e  g iv e n  by an X w ith  a  c i r c l e .  
L i th o lo g y  i s  c h a r a c t e r i z e d  by t h e  g e n e r a l  r e s i s t a n c e  t o  e r o s io n ;  w ith  
s h a l e s  b e in g  th e  l e a s t  r e s i s t a n t  and  w e l l  l i t h i f i e d  s a n d s  b e in g  th e  
m ost r e s i s t a n t .  C u r r e n t  d i r e c t i o n s  a r e  im m e d ia te ly  a d j a c e n t  t o  th e  
l i t h o l o g y .  E ach o b s e r v a t i o n  i s  f o l lo w e d  by an  (X) f o r  c r o s s - l a m i n a ­
t i o n s ;  and (F ) f o r  f l u t e  c a s t s ;  o r  a  (T) f o r  t o o l  m a rk s ; d e n o t in g  
th e  s o u rc e  o f  t h e  o b s e r v a t i o n .  T h is  i s  f o l lo w e d  by  a  b r i e f  d e s c r i p ­
t i o n  o f  th e  bed  o r  s e q u e n c e  and  t h e  sam ple  num ber, i f  an y .
T a b le  A1 g iv e s  t h e  i n t e r v a l s  and  b e d s  i n  e a c h  o f  t h e  s e c t i o n s  
w h ich  w ere c o r r e l a t e d  w i th  a d j a c e n t  s e c t i o n s .  C o r r e l a t i o n s  w ere 
e s t a b l i s h e d  th ro u g h  f i e l d  o b s e r v a t i o n s  and  v i s u a l  c o m p a r iso n  o f  
s a m p le s .
F o llo w in g  T a b le  A1 i s  a  s e r i e s  o f  g ra p h s  show ing  t h e  v e r t i c a l  
v a r i a t i o n s  i n :  b ed  t h i c k n e s s  ( F ig u r e s  A l, A2, and  A 3); c u r r e n t
d i r e c t i o n  ( F ig u r e s  A4, A5, and  A6 ) ;  mean g r a i n  s i z e  ( F ig u r e s  A7, A8 , 
and  A 9); p e r c e n t  m a t r ix  ( F ig u r e s  A10, A l l ,  an d  A 12); and  t h e  Bouma 
d i v i s i o n  w hich  o c c u r s  a t  t h e  b a s e  o f  e a c h  b ed  ( F ig u r e s  A13, A14, 
and  A 15). V a lu e s  p l o t t e d  a r e  t h e  a v e ra g e  o f  a l l  o b s e r v a t i o n s  w i th in  
e a c h  o n e -m e te r  i n t e r v a l .  F ig u r e s  A l th ro u g h  A6 a r e  b a s e d  on f i e l d  
o b s e r v a t i o n s .  F ig u r e s  A7 th ro u g h  A15 a r e  b a s e d  on sam p le  d e s c r i p ­




P r i n t  on  some p a g e s  i s  s m a l l  
an d  i n d i s t i n c t .  F ilm ed  i n  t h e  





- f l g S g f f l p .  hard sandstone* vaguely lam inated) festoon  c rb is -lam in a tio n s  s t  to p
-lam inated  shale  w ith  th re e  s l l t s t o n e  In lc rb td s
N 70  W (X)
-clean* hard sandstone] vague f i s t  lam inations In upper h a lf  o f  bed
- f in e -g ra in e d , clean* hard sandstone] s tru c tu re le s s  lower hall* o v e rla in  by vague lam inations 
-^ray-brown* Irm lneteri sh a le
- fin e g ra in e d *  clean* hard sandstone] s tru c tu re le s s  lover* o v e rla in  by lam inations and 
vague lam inations*  to p  c u t by s n a il  festoon cro ss-lam in a tio n s
N JO W (F) -clean* hard sandstone] c ro ss -la m in a tio n s  o v e rla in  by convolutions 
N VO W (F) -clean* hard sandstone) c ro ss -la m in a tio n s  (sample! 0fc-4Jtb»}8 )
- f in e -g ra in e d , clean* hard sandstone) s tr u c tu r e le s s  lo v er h a lf*  o v e rla in  by shaley  p a rt in g  plane 
end then  f la t - l« s d n a te d  In te r v a l  to  to p  (sample) Ok-tRL-39)
-cross-lam ina ted  mid convoluted sandstone (sample) OIMJtL-17)
- f in e -g ra in e d , c le a n  sandstone] s tru c tu re le s s  in  lo v e r  h a lf*  vague f l a t  lam inations in  upper 
h a lf )  to p  i s  c u t by festoon  c ro ss -lam in a tio n s
-gray-brotei* lam inated  sh a le  w ith  a few s l l t s to n e  beds
N 90 M (X)
-fin e -g ra in ed *  c le a n , hard sm xtstone] lo v er 5 cm show vague lam inations] o v e rla in  by about 
2$ cm o f  s tr u c tu r e le s s  sand) to p  h a l f  o f  bed shows development o f  th in  lam in atio n s  o f 
amdlum-gralned sand , s ep ara ted  from below by p e rs is te n t  a rg i l la c e o u s  lam inations mid cut 
a t  to p  by fes to o n  c ro ss -la m in a tio n s  (sam pls) OMUL-16)
- f in e -g ra in e d , c le a n  sandstone) vague lam inations n ea r to p  (sample) 0K-4*RL-l$)
-f la t- la m in a te d  sandstone w ith  c ro ss -lam in a tio n s  n e a r  to p
-fin e -g ra in e d  sandstone) s tr u c tu r e le s s )  th ick n ess  v a r ie s  from about $ to  20 a s
-sh a ley  p a rt in g  p lane t o  7  cm th ic k  lam inated sh a le  bed
- f in e g ra in e d ,c le s n *  hard  sandstone] s tr u c tu r e le s s  throughout) f a i r l y  th ic k  i ro n - r ic h  c ru s t  
upper su rface  i s  h o r ls o n ta l ,  lo ad in g  a t  base r e s u l ts  in  th ick n ess  changes from about 1 and i /2  
m eters to  2 m eters (sam ple) 0JC-4RL-U)
-d ark  gray* we}l lam inated sh a le
-cream colored* c lay ey  a i l t s t o n e )  s tru c tu re le s s
- f i n e -  to  very f in e -g ra in e d  s i l t y  sandstone) very f r i a b le )  gradad(T)
- f i n s -  to  very f in e -g ra in e d  sandstone) g e n e ra lly  f r i a b le  except where bound by l i s e n l t s )  
llm on ite  i s  p re se n t  sa 1-2 cm th ic k  bands as d o tted  in  sketch
- f i n e -  to  medium-grained sandstone) s tru c tu re le s s )  f r ia b le )  iro n  s ta in e d  ( s v p l e s t  OMJIL-12, 1})





-gray-brow n, laminated shale w ith sandstone and s l l t s to n e  In te rb ed s
- f in e -d ra in e d , clean  sandstone* lo v er p a r t  s tru c tu re le s s !  overla& t-by vague f l a t  lam inations 
and then vague d ish  s tru c tu re s !  to p  10 em nrc very f r i a b le ,  r e s t  o f  bed v e i l  eeasnted
-lin e -d ra in e d , c le a n , hard sandstone) lea s in g  f ro * ,6 o r  V cm to  sbout 15 c a t i r r e g u la r  lamina­
tio n s  where Ih Innerj s tru c tu re le s s  to  vagueTy lam inated where th ic k e r  (sample! 0 K -4 n w )  A,B) 
-c le a n , hard sandstone! a few i r r e g u la r  lam inations near top
-fin e -g ra in e d  c lean , hard sandstone! p lan t d e b r is  near m iddle; convolutions near top 
-c le a n ,h a rd  sandstone! s tru c tu re le s s  to  ^agualy lam inated
-lam inated  sh a le  v l th  s tr in g e r s  o f  s i l t y  sandstone
- r in e -g ra ln e d , c lean , hard sandstone! lo v er 2 cm s tn ic tu r e le s s ;  o v e rla in  by vague lam inations 
and then d ish  s tru c tu re s  to  to p  (sam ple; OK-4RL-22)
- sh a le  v i th  sandy s i l t s to n e  len ses
-f in e -g ra in e d , c le a n , hand sandstone * f l a t  laa d n a tio n s t some p la n t  d e b ris  n e a r  middle 
(sample! OC-4RU21 A,B)
-w ell-lam in a ted  shale  v i th  th in  beds o f  sandstone (max 2 cm)
24 9
23
__lM BO M (F) hard sandstone! s tn ic tu r e le s s  throughout
90 w (p) - m t  lam inations n ea r basei i r r e g u la r  lam inations to v ard s  top
|  -w ell-lam ina ted  shale  v i th  sandstone in te rb ed s
20 V (T) hard sandstone! h o r iz o n ta l lam in atio n s  going up in to  i r r e g u la r  lam inations
- f in e g r a in e d ,  hard sandstone) i r r e g u la r  lam inations w ith  some p la n t  d eb ris
- f l a t  lam inations o v e rla in  by c ro ss  lam inations! p la n t  d eb rie  
- f in e -g ra in e d , hard sandstone) i r r e g u la r ly  lam inated  t o  c ro s s  lam inated
35 d  (P) hard  aendetonei s tr u c tu r e le s s  base) f l a t  lam in atio n s  o v e rla in  by c ro s s  lam inations
-f in e -g ra in e d , hard sandstone) a  few lam inations o f  p la n t  d e b r is ,  a s  show  (sam ple! OK-4RL-20) 
- lam inated  sh a le  w ith sandy s l l t s t o n e  in te rb ed s
- f i s t  lam in atio n s , o v e rla in  by c ro ss  lw ln a t lo n s  going up In to  convolutions 
-lam inated  sh a le  w ith sandy s l l t s to n e  in te rb ed s
- f l a t  lam inations o v e rla in  by convolu tions 
- I r r e g u la r  lam inations o v e rla in  by convolu tions! p lm t  d e b ris
- lam inated  sh a le  v i th  sandy s l l t s to n e  in te rb ed s
-f|n g ^ ra£ n e£ jo < !lean , hard  sm idstonet lo v er h a l f  s tn ic tu r e le s s !  upper h a lf  convo lu tions overly ing
-lam inated  sh a le  with sandy s l l t s to n e  in te rb ed s  and one c ro ss-lam in a ted  sandstone 
- f i n e g r a in e d ,  c lean , hard sandstone! some p la n t  d e b r is  n e a r  base) to p  shows vague lam inations
- f in e -g ra in e d  sandstone! convolu tional p lan t d e b r is  
-g ra y -b ro w , lam inated shale  v i th  s l l t s t o n e  in te rb ed s
3 3  61 U (P) - f la t- la m in a te d  sandstone w ith  p l m t  d e b ris )  v a r ia b le  t h lc ta e s s  (7  -  15 cm)
^  - f in e -g ra in e d , hard , c lean  sandstone! vaguely lam inated w ith  p lan t d e b r is ;  o v e rla in  by 1 cm
o f  a l l t  (samplei 0K-4RL-19 C)
- fin e -g ra in e d , c lean , hard sandstone) s tr u c tu r e le s s  low er t h i r d ;  lam inations g rading  upwards in to  
3  66 W (T) d ish es  g a tin g  more eoncave upwards! to p  t h i r d  very  f r ia b le  (saep le i 0K-4RL-19 A,B)
\ 76 W (P) -h ea v ily  convoluted! r ic h  in  p la n t  d e b r is  (omaple■ 0X-4RW.3)
58 V (X) -c ro s s  lam inations o v e rla in  by convolu tions (sam plei 0K-4&1-42)
-w e ll- lam in a ted , g ray -b ro w  shale  
O N  87 M (X) - f l * t  lam inations o v e rla in  by c ro s s  lam inations
- f l a t  lam inations o v e rla in  by convoluted p lm t-d e b r la  lam in atio n s
-f in e -g ra in e d , c lean , hard sandstone; lower h a l f  s tr u c tu r e le s s ;  upper h a lf  vaguely lam inated) 
f r i a b le  sons in  middle (samplei GK-4B1-41)
-w ell-lam in a ted , g ray -b ro w  shale  w ith numerous s i l t y  sandstone beds
N 90 W (X)
 J
*  - f in e -g ra in e d , c le m , hard sandstone; vague f l a t  lam inations cut a t  to p  by fes to o n  c rose-lam lnatlons
“  (sample; C*-4RL-4Q)
-w ell-lam in a ted , g ray -b ro w  sh a le  w ith sandy s l l t s t o n e  in te rb ed s
-fin e -g ra in e d , c le m , hard sandstone; f l a t  lam inations






-h o rla o n ta l  lam inations of p lan t d e b ris
- rh y th a le a lly  ln tarbedded s i l t t to n e o  a id  sh a le )  the in d iv id u a l s i l t  beds grade v e r t i c a l ly  In to  
th e  sh a le  beds) near th e  bate  shale  accounts Tor 6 0 - 7 0 o f th e  th ic k n e ss , towards th e  top  
I t  l a  v i r tu a l ly  a l l  s i l t
-d a rk , very-w ell-lam lnated  sh a le  w ith ln ie rb ed a  o f asndstone (shown) and a t l t s t o n ^  
th e  sandstones are  a l l  c ro ss  lam inated
•two asndstone beds, both convoluted n ea r th e  to p
- fin e -g ra in e d  sandstonet vaguely la a in a te d  lower h a lf  ( eonvelu tlona n e a r  to p
-lam inated  sh a le  w ith s l l t s to n e  and th in  sandstone In te rb ed s
- I r r e g u la r  lam inations 'and  poorly  defined  c ro s s  lam inations (sam plei 0K-4RL-26)
-f in e -g ra in e d , hard sandstone |  lower p a r t  o f  bed la  s tru c tu re  le a s  |  o v e rla in  by a  th in  p ls n t  d eb ris  
r ic h  to n e | then  f l a t  laad n a tlo n s  grading up  in to  p o o rly  defined  d ish  s tr u c tu r e s i  to p  l a  cu t 
by festoon  c ro ss  laad n a tlo n e i base l a  loaded in to  u id e r ly in g  shale
-lam in a ted  sh a le  w ith  sandstone in te rb ed s )  •  and a to n es  deformed by loading  from above
-fin e -g ra in e d , c le a n , hard e and stone |  a tru e tu re le s a  b ase , grading  up in to  I r r e g u la r  lam inations 
and th en  p oorly  defined  d iahee i to p  l a  c u t by fe s to o n  c ro se - la n in a tlo n s
- f l a t  laad n a tlo n s  o v e rla in  by e ro se - la n in a tio n e
^ ^ N 6 4 H ( X )  - f in e -g ra in e d , c lean , hard sandstone) f l a t  lam in a tio n s  grad ing  up in to  c ro s s  lam inations 
convoluted n ea r to p  (saap le i OK-tRL-25)
- f in e -g ra in e d , e l s  mi, hard sandstone) vague f l a t  laad n a tlo n s  lower) convolu tions n e a r  to p
•37
-fin e -g ra in e d , c lean , hard sandstone) fo u r rep ea ted  sequences o f i  lower s tru c tu re  le a s  acne, 
f l a t  lam in atio n s , broad d ish e s , concave d ish e s)  the  to p  o f  th e  th i r d  I n te rv a l  appears 
t o  be tn s ie s te d  by th e  base o f  th e  fo u rth )  th e  s tru c tu re le s s  tone i s  m issing  from th e  
base o f  th e  fo u rth  in te rv a l )  to p  $-10 cm i s  f l a t  lam inated
I <5 w (F)
-f in e -g ra in e d , h a rd , white sandstone) s tr u c tu r e le s s  low er, vaguely lam inated upper
- f in e -g ra in e d , hard sandstone) vaguely lam inated  low er, convoluted upper 
-f in e -g ra in e d , hard sandstone) vaguely lam inated  throughout
-(aam plet GK-4RL-24) ( to  B t h i s  sequence breaks up in to  a  number o f  th in n e r  beds)
-f in e -g ra in e d , hard sm d sto n e ) s tru c tu re le s s
- f in e -g ra in e d , c lean , hard amidstona) a l te rn a t in g  s tr u c tu r e le s s  sonea and sons a o f  d ish e s  o r  
vague lam inations as  shown
-h ig h ly  c o n to rted  amid and sh a le
32
- f in e -g ra in e d , c le m ,  hard sandstone) f l a t  lam in atio n s  c u t a t  to p  by fes to o n  c ro ss  In i t ia t io n s )  
c ro ss  lam in atio n s  show as  lw a te  r ip p le s  on surface
-fin e -g ra in e d , c le a n , hard amidst one) f l a t  lam in a tio n s  throughout
-f in e -g ra in e d , c l e a ,  hard sandstone) f l a t  lam inations throughout, becoming vaguer towards to p
-lam ina ted  shale  w ith f in e -g ra in e d  hard sm tdstones, a s  shown 
- f in e -g ra in e d , hard  sandstone) vaguely lam inated  t o  a tru e tu re le s a
-f in e -g ra in e d , c lean , hard sandstone) f l a t  lam inations
-rray -b ro v n  shale  w ith sandstone and s l l t s to n e  In te rb ed s
-In te rb ed a  o fa l l ts to n o  sandstone md  shale  | b o m  o f the  sandstones show c ro ta  lam inations) 
io m  o f  the a il ta to n e a  show f lo a tin g  ahale ehlpa
-fln e -n ra ln e d , d i r t y ,  s e a l - f r ia b le  aandatonei lo v er 10-15 cm s tru c tu re le s s )  upper p a r t  l a  a l l t y  
and shows some vague eroaa lam inations
-fin e -d ra in ed *  d ir ty *  s e a i - r r la b le  aandatonei a h a le y -a llty  p a rtin g  plane a aa shown |  some suggestion 
o f  croaa Im alnattons n ea r top
-m oderately f r i a b le ,  a l l t y  oamtatonei numerous ehel«y p a rtin g  planes ne shown (emaplei UK-4l<I^j(j)
-m oderately f r ia b le *  iJ lr ty  aandelonei th ick  llm on ite  r l*  but fv o rly  cemented w ith in ) s tru c tu re le s s  
except fo r  a h in t  o f a bedding plana ea shown| reg u la r  th ick n ess  serosa  ou tcrop
-s t ru c tu re le a a  sandstone* grades up in to  a th in  s l l ts to n e  w ith f lo a t in g  sh a le  ehlpa 
-rh y th m ica lly  in terbedded  1/4 cm s i l t  beds and 2 cm ahalaa) sandstones aa shown
3  70 W (X) - f in e -g ra in e d  aandatonei c lla b in g - r ip p le  c ro ss  lam inations! f in e -g ra in ed  p la n t  d e b r is  (sa a p le t OK-JJU.
-cream -colored a i l t e to n e j  f lo a t in g  aha le  ch ips and lensea 
- a m  aa below* u n d e rla in  by by a  th in  s i l t  bed
■?xcepCt w Jir»,1 o S e 4  d l r t y  ,aB d,ton#* - P i t t e d  from below by a th in  c ro ss-lm a in a ted  s l l t s to n e
•m oderately f r ia b le *  d i r t y  sandstone; abundant f lo a t in g  ahale c h ip s i o ccasio n a l d iscon tinuous 
len ses  o f  lam inated sh a ie  and a l l t  (samplei 0K-4Rl*»}6y
3 85 W (X)
at u t» \ " fin e-g ra in ed *  clean* hard  aandatonei f l a t  lam inations throughout} cu t by fes to o n  c ro ss  lam inations 
85 •  \T) s t  to p  (sam plei 0ft«4RU}2)
-lam ina ted  aha le  w ith  ln tarbedded  a il ta to n e a
-fin e -g ra in ed *  d ean *  hard  aandatonei f l a t  lam inations th roughout| loaded in to  underly ing  shale  
-lam ina ted  aha le  w ith  in terbedded  sandstone (sh o w ) mid a il ta to n e a
j N 65 W (X) -rinm-grmined, hard aandatonei s tru c tu re le s s  basei festoon c ro ss  lam in atio n s  a t  to p
-rh y th m ica lly  in terbedded  s i l t s  and eha le i each about 1 i /2  cm th ic k  (sam plei 0K-4RL-35)
-fin e -g ra in ed *  clean* hard aandatonei f l a t  laadna tlons e u t a t  to p  by fes to o n  c roaa lam inations 
(samplei 0K-4Rl*O3)
- f l a t  lam inations o v e rla in  by festoon cro ss  laadna tlons
"lam inated  s h t le  w ith  ln tarbedded  sand atones (shown) and s l l t s t o n e s i  sm idatones a re  fin e -g ra in ed  
and cro ae-lam inated  u n less  otherw ise in d ica ted
S 85 H (X)
- f l a t  lam in atio n s  o v e rla in  by festoon cro ss  lam inations (sM p le i CK-4 RL-34)
-convo lu tions throughout 
- s t r u c tu r e le s s
|  - f in e -g ra in e d , c le a n , hard  sandstone) s tru c tu re le s s !  o v e rla in  by patchy a l l t  0-1  cm^thick
- s tn ic tu r e le s s  lower h a lf )  p la n t-d e b r is  lam inations upper h a lf )  grades up in to  a t h in  s i l t  bed 
- f in e -g ra in e d , c lean  aandatonei s tru c tu re le a a  t o  vaguely lam inated
- f in e -g ra in e d , c le a n , hard sandstone) s tru c tu re le s s  lower) festoon  croaa lm ainatlons a t  to p
3 7 M  (T)
II 88 W (X) -lam inated  sh a le  w ith c ross-lam ina ted  s l l ts to n e  and ew rtstones (shorn)
-f in e -g ra in e d , f r l a b lg  a l l t y  sandstone |  shaley  p a rtin g s  and aha le  ch ips as shown 
•lam inated  sh a le  w ith  s i l t s to n e s
(T) - f l n , -* r t i n ®d ■ ■ nitons*  vaguely lam inated in  m iddlei festoon c ro ss  lam inations a t  to p
- s t r u c tu r e le s s  t o  vaguely Imainated basei c lie b in g -r ip p le  c ro ss  lam inations to  to p i  g rades up in to
I s i l t-dark  gray* Im ainated sh a le  w ith sandstones as shorn
- f in e -g ra in e d , c le a n , hard aandatonei f l a t  lam inations o v e rla in  a t  top  bv convolu tions w ith p lan t 
d eb ris
S 85 8 (F) _y4rv f i ne_gr l in e d  aandstonet heav ily  iro n  s ta in ed
- f in e -g ra in e d , m oderately f r i a b le ,  d i r t y  sandstone th ree  beds each grad ing  up in to  s i l t  w ith  ahaley 
p a rtln y s  and sh a le  ch ip s |o n e  shale ch ip  in  the  to p  bed i s  over l /2  m eter long (sam plei OKW.81^ 4 )
-f in e -g ra in e d  aandatonei grades up in to  s i l t  .........................
- e j j i je tu re le s a  srnidstone w ith some p lan t d eb ris  a t  base) grades up in to  f la t- la m in a te d  s i l t  and them
-s l l t s to n e  w ith occasio n a l sh a le  beds (1 /4  ea  th ic k )  aa shorn
- f in e -s ta in e d  amvJstonej c ro ss  lam inations} p lan t deb ris
- s l l t s t w e  with occasio n a l t h in  ahale  beds
-f in e -g ra in e d , d i r ty  em Js to n e i e tru e tu re le a a  basei vague lam inations near n id d le i ahala  ehlpa 
a t  to p
- fin e -g ra in e d , d i r t y  aandatonei vaguely lam inated v i th  ahale  eh lpa a t  top} grades up to  ah a iey o l&  
- f in e -g ra in e d , d i r t y  a s td e to n e i a tru e tu re la a a
- fin e -g ra in e d , d i r t y  aandatonei a tru e tu re le a a i  loaded
- a i l ta t e n e  v i th  ahale and aandatone beda
- f in e -g ra in e d , d i r ty  aandateneai vaguely f la t- la ad n a te d }  aeparated by ahalay p a rtin g  planea 
love a t  bed loaded In to  d i r t y  f r i a b le  aandatone belov
- fin e -g ra in e d , d i r t y  aandatonei maaeroua aha ley  and a l l t y  leneea and a tr ln g e ra
- f in e -g ra in e d , d i r t y  aandatonei e tru e tu re le a a  eacep t f o r  oceaelonal ahaley p a rtln g a  and a 
len sln g  a l l t y  aone in  th e  middle
-ln te rb ed d ed  a l l ta to n e  and aandatone 
- f in e -g ra in e d , d i r t y  aandatone} e tru e tu re le a a  
-eh a ley  a l l ta to n e
-fin e -g ra in e d , d i r t y  aandatonei e tru e tu re le a a }  aha le  eh lpa n ea r top  
• a l l t a to n e  v i th  ahale  eh lpa
- fin e -g ra in e d , d i r t y  sm d s to n e i a tru e tu re le a a i  ahale  eh lpa near top
•e l lte to n o }  abwtdant ahale  eh lpa n e a r  b o tto a )  evvly tone n ea r mlddlei o v e rla in  by a l l ta to n e  v i th  
ahale  e h lp a | to p  l a  lam inated ahale  
- f in e -g ra in e d , d i r t y  om detonet a tru e tu re le a a i  ahale eh lpa near to p i gradea up In to  ov erly in g  a l l t  
• e l l t e to n o  v i th  ahale  lam lnatlone m i  ch lp e i a m i  a t  one aa ahovn 
3  78 M (P) "^ Ih e -g ra ln ed , d i r t y  aandatonei vague f l a t  lam inations and p a rtin g  plaoaa
-fin e -g ra in e d , d i r t y  sm d sto o e i vaguely e ro a a - la a ln a te d  a t  to p i loaded (o r  ehvm eled?) In to  widen- 
f lo a t in g  aha la  ehlpa
- f in e -g ra in e d , d i r t y  e m ls tc n e i  e tru e tu re le a a  lo v a r i ahale  ehlpa n ea r to p t gradea up In to  a l l t  
- lam inated  a ll ta to n e
- f in e -g ra in e d , d i r t y  aandatonei e tru e tu re le a a
- f in e -g ra in e d , d i r t y  aandatonei vague f l a t  lam inations! a  fev  p a rtin g  planaa
S 89 W ( f )
- a tru e tu re le a a i  one vague p a r t in g  plane
-e t ru e tu re le a a  lo v a r i one p a rt in g  p lane n e a r  baaei vaguely e ro aa-lan ln a ted  a t  to p i gradea up In to  
a l l ta to n e
- f le t- la m ln a te d  emdatone} gradea up In to  a l l t  
- a l l ta to n e  v i th  f lo a t in g  aha le  eh lp a i e a n d le r  n e a r  baae
- a l l ta to n e  v i th  f lo a t in g  aha la  e h lp a | gradea up In to  lam inated ahale
-aandatonea v i th  dlaeontlnuoua aha ley  p a r t in g  p lanea o r  In te rbeda  (sm p le t  0K-4&L-28)
3  ftO M (P) - a l l ta to n e  v i th  aandatone In te rb ed
M 87 U (P) aandy a l l t a to n e | f lo a t in g  aha le  ch i pa |  aandatone a t  baae
V -v e i l  lam inated  ahale  v i th  aandatone In te rb ed a  and very th in  a ll ta to n e  lay e re i
I d i re c t io n  o f  a l ia p  (p erp en d icu la r to  fo ld  aaaa) l a  N 60 If
[no s to o l
- f i n e g r a in e d ,  d i r t y  aandatonei la rg e  ahale  eh lpa near top) to  the  o u t  th e  ahole In te rv a l  
In clud ing  th la  bed and th e  la a ln a te d  r t a l e  and a and above l a  completely alxed  (sa a p la i QK-4AU2V;
- la a ln a te d  aha le  v i th  a l l t  In te rb ed a
- f in e g r a in e d ,  hard  aandatonei a tru e tu re le a a i  to p  bed plachee o u t to  th a  v e a tt lo v er bed l a  
loaded oomevhat In to  the  underly ing  a l l t
- f in e -g ra in e d , hard  aandatonei s tn ie tu re lo s s  
- a l l t
- f in e -g ra in e d , hard am datonei e tru e tu re le a a  to  vaguely f la t- lo n ln e te d i  underla in  by I  ea  a l l t
- f in e -g ra in e d , hard , a o d a ra to ly  d i r t y  aandatonei a tru e tu re le a a i vary  p a rtin g  planeai aoae 
auggeatlon o f  In te rn a l  loading
-beda v i th ln  channel a re  f ro a  baae upi f a i r l y  d i r t y ,  hard aandatone, a tru e tu re le a a i moder­
a te ly  e lo m , hard , f in e -g ra in ed  aandatone, f l a t  lam inations near to p i th in ly  lam inated to  
e ro a a -la n ln a te d  sm d sto n e t f in e g r a in e d  c le a n , hard aandatone, a tiu c tu re lo a e , f lu te d  baae 
(am ple*  0K-4R!~47)
•beda e u t out by tha  channel a re  a l te rn a t in g  ao d e ra te ly  f r i a b le ,  d i r ty  amdetone m d sandy 
a il ta to n e a  v i th  f lo a t in g  ahale  eh lpa (o a g ile i  Cf-WL-46)
-g en e ra l tre n d  o f  the  co n tac t l a  e a e t-v ee t
- f in e -g ra in e d , f r i a b le ,  d i r t y  aandatonei f lo a t in g  ahale  ch ips and p lan t dabrle
- a l l t y  a m is  tone |  f lo a t in g  aha le  ch lp e i vague f l a t  l« d n « U o r .i | cu rren t d ire c tio n  i s  f ro a  p a rtin g  
l ln e e tlo n a  on a p a rtin g  plane
-well-laalnated shale with Interbedded smdstones vtd ailtatonea
K (X) \
- f in e -g ra in e d , d i r t y  a n d  a to n a l vague f l a t  la a ln a tlo n e i  f lo a t in g  ahale eh lpa m a r  to p  
- e l l t s t o n e i  sandy a t  baae w ith  f lo a t in g  ah a le  chip*! gradea up In to  ln tarbedded a l l t  m d  aha le  
- o l l ta to n e i  f l a t  la a ln a tla n a  w ith  p la n t  d e b ris  a t  baeet g rades up In to  ln tarbedded  a l l t  and ahale
- f in e -d ra in e d , d i r t y ,  hard eandatoneai a l l  s tru c tu re le a a  to  vaguely f la t - la a ln a te d t  baae o f  lowest 
shows a  few d o a e ly  spaced a l l t y  p a r t in g  p lanea (saap le t OK^HL-27)
-ah a ley  a ll ta to n e
-fin e -d ra in e d  aandatonei c ro e s - la o in a te d  w ith  p la n t  d eb ris
- f in e -g ra in e d , d i r t y  sandstones and ahaley  a l l ta to n e  ln te rb ed a t ahale ch ips n ea r to p s  o f  sand­





-f in e -g ra in e d  sandstones both beds show f l i t  lam inations end grade up In to  sw*. 
both beds I n n  load o r  f lu te  c u t *  on th e i r  beeea'
- f in e -g ra in e d  aandstonet s tru c tu re le s s )  grades up in to  s i l t
- e i l t s t o n e t  lo v er h a lf  shove shaley  Jamlfu.tlonsi upper h a lf  i s  s tru e tu re ls s s
- f in e -g ra in e d  sandstones |  s tru c tu re le s s  | seperatod by lam inated sh a le  and s l l t s to n e  
- f in e -g ra in e d , d i r ty  sandstonei a tru e tu re le a a i  lower bed loaded in to  underlying shale
- f in e -g ra in e d ' d i r t y  sandstonei s tru c tu re le s s  
1 11 (F> - a t r u c tu r a lM l  • l l t a t o n t
- f t n e - f ja in e d ' d i r t y  tm d s to n e i vaguely lam inated low ert s tru c tu re le s s  upper
/
- f in e -g ra in e d ' d i r t y  aandstonet grades up in to  s i l t  and then  shale  
- f in e -g ra ln e d » d irty  sandatoneat sep ara ted  by s l l t s t o n e
- f in e -g ra in e d ' d i r t y  sandstonei s tru c tu re le s s  |  len s in g  sh a le  t o  shaley  p a rtin g  p lans in  sdddle 
loaded  in to  underly ing  a l l t  
- e l l ta to n e  v i th  shale
-f in e -g ra in e d  sandstonei vague f l a t  laad n atlo n s
- f in e -g ra in e d ' d i r t y  sandstonei s tru c tu re le s s !  loaded  in to  im derlylng shale
- f in e -g ra in e d ' d ir ty *  ao d e ra te ly  hard  sandstonei s tru c tu re le s s !  lo v er bed f lu te d  a t  base
- f in e -g ra in e d ' d ir ty *  ao d e ra te ly  h ard t sandstones] lo v e r  bed appears to  hare  in te rn a l  f lu te s
S 70 b ( f )
-laad n a to d  to  s tru c tu re le s s  s i l t  and sh a le  I in  p la c e s  has a  sluaped appearance 
-m oderate ly  d irty *  ao d e ra te ly  hard sandstonei s tru c tu re le s s
-f in e g ra in e d *  a o d e ra te ly  d i r t y  and hard aandstonet s tru c tu re le s s  
- la a ln e te d  s i l t  and shale
- f in s 'g r a in e d ' d i r t y  sandstones| g rades up in to  s l l t s t o n e  
- s t r u e tu r e l s s s  s l l t s to n e
- s i l t e to n s  w ith f lo a t in g  sh a le  ch ips and len se s  as  show
D  «  90 b  (F ) -M m  f re ln s d  sandstone
e i l t s t o n e t  s tru c tu re le s s
-lam in a ted  sh a le  w ith sand and s i l t  In te rb ed s
- f in e -g ra in e d ' ao d e ra te ly  d i r t y  sm datone i f l a t  lam in atio n s  o v e rla in  by c ro ss  laad n a tlo n s  grading 
up in to  convolutions
-lam ina ted  sh a le  w ith s a id  and s i l t  in te rb ed a
- s e v e ra l  ao d e ra te ly  d l r t y t hard to  a o d e ra te ly  f r i a b le  sandstones! a l l  s tru c tu re le s s )  th e re  i s  
a  pocket o f  s i l t  w ith  sh a le  end sh a le  ch ips caught n e a r  th e  sd d d le  o f  th e  sequence! a l l  o f  
th e  beds show a  f a i r  amount o f  l a t e r a l  v a r ia tio n  in  th ic k n e ss)  p a rtin g  p lanes a re  g enera lly  
wavy (loaded?)
S 70 M (T)
-f in e -g ra in e d  sm datone) f i s t  la n ln e tlo n s
- f in e -g ra in e d ' d i r t y '  hard sandstonei vague lam in atio n s  n e a r  base
- a l te r n a tin g  s l l te to n e s  and sha le ) some o f  th e  e l l t s to n e s  a re  c ro se - la n ln ste d  end show a  g enerally  
so u th east c u rre n t d ire c tio n
- f in e -g ra in e d ' d i r t y  sandstones! sons f lo a t in g  sh a le  ch ips
- f in e -g ra in e d  sm dsto n ei th ick en s  to  the  v e s t  and becomes convoluted
-fin e -g ra in e d  sandstonei vague f l a t  lam inations and p a r t in g  p lanes
- f in e -g ra in e d | ao d e ra tely  d ir ty *  ao d e ra te ly  f r i a b le  em detone
-fin e -g ra in e d *  ao d e ra te ly  d i r t y  sandstonei f l a t  lam inations o v e rla in  by c lim bing-ripp le  cross 
lam inations grad ing  up in to  convolutions
-f in e -g rad n ed  sandstone) i r r e g u la r  In rtn a tio n s
■ o d ara ta ly  h a rd , d i r t y  aandatona| a tru c tu ra la a a t  vacua p a r t ln c  p l « a a
- lo d n a t a d  aha la  v i th  aandy d l ta t c n a a
" { a a tn f tfo n a 1* d l r t j r * ■‘>d* ra ta ly  hard  aandatona) vacua f l a t  l a d a a t lo n a  o v tr la ln  by c roaa 
- ln ta rb a d d a d  aandatona and aandy a l l ta to o a
A
I
-lam inated  ahale
a  - fh e* « ra ln ed , c le a r ,  hard a m d atone) e tru e tu re le a a  lower) convoluted f l a t  lam lnatlona upper
N 87 u  (P ) (aamplet CK-19RU22)
•lam inated  ahale  w ith a l l ta to n e  In terbeda 
- f in e -g ra in e d , d e a n ,  hard aandatonei e tru e tu re le a a  
•lam inated  ahale  w ith  e l l te to n e  In te rbeda  
- f in e -g ra in e d , c le a n , hard aandatonei e tru e tu re le a a
| S 55 W (X) 
a  70 «  (X)
^  - f i n e g r a in e d ,  c le a n , hirrl aandatonei a tru c tu ro le a a i  a few faatoon croaa lam lnatlona a t  top
— '  (eamplei 0K-19RU21)
-fin * -g ra in e d , c lean  hard em d sto n e i c liw h iw - r ip p le  croaa lan in a tio n a
- f in e -d ra in e d , c le a n , hard  aandatonei f l a t  lan in a tio n a  throughout! tom  p a rtin g  planea) bed 
n a ln ta ln e  th ickneaa to  th e  weat but ahowa conaidarab le  In te rn a l  lenelng  (aamplai 06-19RL»20)
-lam in a ted , black aha le  w ith a l l ta to n e  In te rb ed a
- f in e g r a in e d ,  c le a n , hard aandatonei f l a t  lam inetlona throughout) p lm t  d eb rla  lncreaaln g  upwarda 
th lck en a  to  th e  weat and ahowa a  eona o f  d lah  e tru e tu re a  In  th e  middle (aamplai 0K-19RL -19)
-lam ina ted  ahala  w ith  a l l ta to n e  In te rbeda
- f in e -g ra in e d , c le m  em detooee) f l a t  laad n a tlo n a
-lam in a ted , b lack  ah a le  w ith a l l ta to n e  In te rb ed a
- to  th e  weat t h le  i n t a r r a l  th lekana  to  
about i  1 /2  rnetera o f  w ell-lam inated  
ahale  w ith th re e  aandatone In terbeda
J i  90 w ( r )
- f in e -g ra in e d ,  c lean , hard aandatonei upper p a r t  f l a t  lam ination ! w ith  f in e  p lan t d e b rla )  lower 
p a r t  choked w ith  p l m t  d a b rla i ahowa eome th in n in g  to  th e  weat (aamplai CK-L?IU^18)
-f in e -g ra in e d  eandatonei upper bed ahowa eome ah a le  eh lpa and convolu tion! a t  baaei lower bed 
ahowa vague f l a t  lam lnetlonai both bade pinch o u t to  th e  waat (aamplai CE-19ftb-17;
-e ra il- la a ln a te d  ah a la ) aandatone and a l l te to n e a i  aandatoneai c le m ,  hard and vaguely lm in a to d i  
aandatone ahow eome Inereaae  In  th lckneaa  to  th e  weat
M 66 V (X) e le a n , hard  aandatonei vague f l a t  la n in a tio n a  and croaa lam inetlona th ln a  to  th e
weat (aam plai 06-19X1^16)
- f in e -g ra in e d , c le m ,  hard aandatonei ln tarbedded w ith  lam inated ahale
167 V (X)
-fin e -g ra in e d , c le m , hard  eandetone) f l a t  la n in a tio n a  c u t  a t  to p  by faatoon croaa lan in a tio n a
|  -lam ina ted  ahale  w ith  ln ta rbedded  aandatone and a l l ta to n e
- f in e -g ra in e d , c le m ,  hard aandatonei f l a t  lam inetlona o v e rla in  by convolutional ov erly in g  bed la  
I f la t- la m in a te d  a and grad ing  up in to  a l l t
3 62 M (X) aha le  w ith  ln ta rbedded  aandatonea and a ll ta to n e e
- f in e -g ra in e d , c la m ,  hard aandatonei a tru e tu re le a a i  eome p lm t  d ab rla i th lekana to  th e  V to  
about 1/4 m ater
- d i r ty ,  aha ley , a o d e ra te ly  f r i a b le ,  aandatona m d a l l ta to n e
^ l r t y  aandatonei f in e -g ra in ed  and g e n e ra lly  a tru e tu re le a a i  heavy Iro n  rim on jo in t  and f ra c tu re  
facea , but f r ia b le  w ith in ) o ccaalonal I r r e g u la r  bedding plane
-covered In te rv a l  (correeponda to  d i tc h  along highway)
• fin e -g ra in e d , d i r t y ,  ao d e ra te ly  f r i a b le  aandatonei a tru e tu re le a a i  middle aone la  poorly-fao<md» 
ahaley a l l ta to n e  *
129
j - f in e -g ra in e d , c le a n , hard sandstonei vaguely lam inated
1  - f in e -g ra in e d  aandatonai both bada show f l a t  la n in a tio n a  o v e rla in  by e lln b in g -c i ip le  croaa
,K 73 V (T) lan in a tio n a  |  hard lim onlte  rim s, f r i a b le  l n ta r lo r e
-lam inated  aha la  w ith  lam lneted em d tto n ea  a id  a il ta to n e a  
- f in e -g ra in e d , c le a n , hard aandatonai a tn ic tu ra la a a  (samplei OK-19XL-13)
s e6 v  ( r )  
1 90 «  (T)
-f in e -g ra in e d , e l a n .  Hard aandatonai s tr u c tu r e le s s  (samplei 0K-l9Ms»l4)
-f in e -g ra in e d  aandatonaa) c ro ss-lam in a ted  lower* convoluted upper 
- l a d n a te d  ahala  w ith f la t- la m in a te d  a l l ta to n e  in te rb ed a
• f in e g ra in e d  aandatonei f l a t  lan in a tio n a  o v e rla in  bjr convoluted lan in a tio n a l p la n t  debrla  
N 90 d (T) in c re a sin g  upwards '  -
N 8? H (T)
- f in e -g ra in e d , c le a n , hard  aandatonei a tru c tu ra le a a
•lam inated  a h a le | e ro a a -la n ln a te d  aandatone in te rb ed a  . <
- f in e -g ra in e d , c le a n , hard aandatonei c ro ss  lam in atio n s  o v e rla in  by convolu tions) to o ls  on baae
S 35 H (1) - f in e -g ra in e d , c le a n , hard aandatonei croae laad n a tlo n a  and overturned  c ro ss  lan in a tio n a
S 45 V (X) - f i n e g r a in e d ,  c le a n , hard  eandatonesi croaa lam ln alten a  a id  convolutions) Moderate aeount o f
p la n t  d a b rla i lo v e r  two beda a re  aoawsfiat loaded  in to  underly ing  ahale
S 59 W (T)
- f in e -g ra in e d , c le a n , hard  aandatonei s t r u c tu r e le s s  pertiape vaguely convoluted a t  to p
-lam ina ted  aha le  w ith  aandatone mid a l l ta to n e  in te rb ed a  
- f in e -g ra in e d  aandatonei c roaa lam lnatlona g rading  up in to  convolutions
-fine-grained aandatonai croaa laninationa with a  Moderate amount o f  p lm t  d e b ris  
-fine-grained aandatonei vague f la t  laninationa
- lam ina ted  aha la  w ith  aandatone and a l l t a to n e  in te rb ed a
- f in e -g ra in e d , c lean , hard aandatonei vague laad n a tlo n a  and convolutions
-lam ina ted  aha le  w ith  sm dstone  and a l l ta to n e  in te rb ed a
- f in e g r a in e d ,  c le a n , hard em d atone |  vague c ro aa  lam lnatlona grading  up in to  convolutions 
- f in e -g ra in e d , c le a n , hard aandatonei c roaa lam inations grading  up in to  convolutions 
-lam in a ted  aha le  w ith  sm d sto n e  and a l l t a to n e  In te rb ed a  
- f in e -g ra in e d , c le a n , hard  aandatonei f l a t  lam lnatlona  w ith p lm t  d eb rla
-f in e -g ra in e d , c le n v  hard  aandatonei s tru c tu re le a a  throughout (samplei GK-19VL-29)
S 70 V (T)
S 73 «  (F)
- f i n e g ra in ed , e le a n , hard sm dstone  j f l a t  laad n a tlo n a  going up in to  c lln b ln g -c ip p lo  c roaa lam ina­




- f i n e g r a in e d  aandatonei convolu tions becoming more extreme towards to p  (aanp lei 0K-19U-37)
-w ell-lam in a ted  aha le
\
-^ in o -^ ra liu w l |.h y r^ a n d a to n e i  f l a t  laad n a tlo n s  o v e rla in  by c ro ss  lan in a tio n a  and convolutions
-f in e -g ra in e d , c le m  h a rd  aandatonai f l a t  lam lnatlona  o v e rla in  by o lin b d n g -rlp p le  c ro ss  
tio n a  tfelch grade up in to  eon v o lu tio n s  (aanp le i 0K-19KL-26) f a i r  an o in t o f  p l m t  d eb ris
M 76 H (X) g ra in e d , c le m ,  hard aandatonei s tru c tu re le a a  a t  baae going up in to  d iah  s tru c tu ix a i  
i i r r e g u la r  bedding p lane n e a r  to p  o v e rla in  by c roaa lam ina!Inna (sanpleoi 0K-19KU 15, 233
- f in e  g rain ed , c le m ,  hard  sm d a tan e i lo n e r  h a l f  s tru c tu re  la  a a , o v e rla in  by a  wavy bedding plane 
to p  h a lf  shew wavy lam inations) th in s  t o  th e  n e a t  (aanp le i X -1W L-24)
- f in e gr a ined , c le m ,  hard aandatone) a tru e tu re le a a i  th lekana to  th e  weat th e re  i t  breaks in to  
two beds sep ara ted  by a  a l l t y  aeoei lower bed f l a t  Im rtn a tlcn s i upper bed d iahea
- f in e  't r a in e d , c le m ,  hard aandatonei lower 2jy  o f  bed show d iah  s t r u c t  urea becoming nore con­
cave m d  sm a lle r  upwarda) c u t n ea r  to p  by wavy p la n t  d e b rle -r le h  p a rt in g  p i  ana |  o v e rla in  by 
f l a t  lam inations c u t  a t  to p  by festoon  croaa laa d n a tlo a s  (aanp lei OK-lflU-23)
**m ll-l«ndnated ah a le  w ith t h in  aandatone and e l l t e to n e  In terbeda) occasional clim bing r ip p le s  
In  th e  sand beda show a  g e n e ra lly  westward c u rra n t  d ire c tio n
-fin e -g ra in e d , c le m ,  hard aandatonei s tru c tu re le s s
-w ell-lam inated  aha le  w ith em detone and e l l te to n e  In terbeda
-fin e -g ra in e d , c le a n , haro aandator>«| vague la n in a tio n a  naar mlddlo and to p  (eanp lei 0K-1VRL-1O)
(P) •ah a le  w ith g ra d e d ,a ll ty  aandatone bada
- fin e -g ra in e d ,c le a n  aandatonei lower t h i r d  hard  and a tn e tu r a l e a a i  middle t h i r d  c le m ,  e tru e tu re -  
le a a  and weem entedt top  th i r d  f in e  f l a t  la n in a tio n a , hard! to  th e  e ae t th e  bed i e  eo n p le te ly  
churned a id  haa f lo a t in g  aha le  chi pa n e a r  th e  to p , overly ing  beda are  w d le tu rb ed  (aanplei 
OK-19Rl~3l)
-lam inated  ahale w ith  nuneroue th in  am datone in te rb ed a
- f in e g r a in e d ,  c le a n , hard am datonei a tru c tu re le a e  
(*> - lw lf la ta d  ahala v i th  aandatcna ln ta rb ad a
- fin e -g ra in e d , c lean , hard aandatonei few lam lnatlona o f  p lm t  d e b rie  (aanp lei CC-19HL-9)
- f in e g r a in e d ,  c le a n , hard  aandatonei eequenee o f  e tru c tu re a  from bate i n  e tru e tu re le a a  aonei 
poorly  developed d lah ea i e tru e tu re le a a  eonej h o r la e n ta l  lan in a tio n a  grading up in to  d lahea i 
i r r e g u la r  la n in a tio n a  to  f a in t  d lah ea i f l a t  la n in a tio n a  to  to p  (aawplei 0g-19tI*-8)
-  lam inated ahale  w ith  a l l ta to n e  In te rb ed a  
- f in e -g ra in e d  aandatonei f l a t  lm in a tlo n e  w ith p l m t  d e b rla
- f ln a -g ra ln e d , c le m ,  hard aandatonei baae a tru e tu re le a a i  o v e rla in  fay a a e rle a  o f  th in  beda 
eeparated  by p lm t  d e b rlo - rlc h  lm in a tlo n e i  f l a t  lan in a tio n a  grad ing  up in to  broad, f l a t  d lehao i 
to p  o f  bed e tru e tu re le a a  (aanp le i 0K-19&L-7 )
-lam in a ted  ahale  w ith  aandatone and e l l t e to n e  in te rb ed a  (aaap let 0K-19RL-6)
- f in e -g ra in e d , c le m ,  hard  aandatonei low er t h i r d  a tru e tu re le a a i  Biddle th ir d  f l a t  lan in a tio n a  
grad ing  up in to  d lah ea i to p  t h i r d  t h in  p a r a l le l  lan in a tio n a  (em p lea i 0K-19KL-4, 5)
•lam ina ted  ahale  w ith  len aea  o f  aandatone
- f in e -g ra in e d  aandatonei f l a t  la n in a tio n a | aoaa p l m t  d eb rla  a t  b o tto a
- f in e -g ra in e d  aandatonei th in  la n in a tio n a  o f  p l m t  d a b rla i  in d iv id u a l a and beda ahow a  f a i r  
anount o f  lena ing  and wedging
- fin e -g ra in e d , c le m , hard  aandatonei a tru c tu re le a e  excep t a  few lan in a tio n a  o f  p lm t  d a b rla i 
■oat p lm t  d eb rla  l a  a t  bo t  too ) lenae  o f  ahaley  a and n e a r  Biddle
- fin e -g ra in e d , c le m ,  h a rd  am datonei wavy lan in a tio n a  o f  p lm t  d e b rla
- f in e -g ra in e d , c le m , hard  aandatonei f l a t  laad n a tlo n a  o f  p lm t  d e b rla  aa ahow  (aamples 
0 t-l9RL-12)
- a l l ta to n e  w ith ahale  eh lpa n e a r  baae g rad ing  up in to  ahale
- f i n e -  to  B ed im .g ra in ed  am datonei th in  aone l a  a tru c tu re le a e , low er h a lf  l a  f in e r  m d e le m e r  
th ic k  p a r t  l a  a tru c tu re le a e  n e a r  baae, o v e r la in  by vague d lehea and lan in a tio n a , to p  l a  
i tm c tu re le o a  to  vaguely Im ln a te d  ( e a q i le i  0K-19aL-;)J
- la n in a te d  aha le  w ith a m d atone In te rb ed a
- f in e -g ra in e d  am datonei th in  p a r t  ahowa f l a t  lan in a tio n a  o v e rla in  by d iah  a tru c tu re a i th ic k  
p a r t  ahowa vague f l a t  la n in a tio n a  o v e r la in  by w e ll-d e fin ed  f l a t  lm in a tlo n e ,  than  a con to rted  
aone and vague dlehea and lam lnatlona to  th e  to p  (aao p leai 0K-19UUU,B, 2A,B,C)
- fin e -g ra in e d , c la a n , hard  am datonei f l a t  lan d n atlo n a i f lu te a  a t  baae
- f in e -g ra in e d , c le m , hard  aandatonei a tru e tu re le a a i  faa toon  croaa laadnatlona a t  top
- f in e -g ra in e d , c le m , hard  am datonei f l a t  laad n atlo n a  throughout 
- la n in a te d  aha le  w ith aandy a l l ta to n e  in te rb ed a
-fin e -g ra in e d ,c le a n , hard aandatonei f l a t  lm in a tlo n e  o v e rla in  by c llm blng-rlpp le  croaa laa d n a tlo i*  







-f in e -g ra in e d , d ir ty *  ao d e ra tely  f r i a b le  aandatone) vague, i r r e g u la r  la n in a tio n a  
- f in e -g ra in ed *  d i r t y  aod era tely  f r i a b le  aandatonei e tru e tu re le a a
• N 62 H (T)
-w e ll - lm ln t te d *  block ahe le t nuneroua a ll ta to n e  in te rb ed a ) one aandatone w ith faatoon  croaa 




-fin e -g ra in e d , f a i r ly  d i r t /  a m )a to n e | f r ia b le  w ith in  l ln o n l te  r l a  on au rfecaat vacua lan in a tio n a  
nea r baoei loaded in to  underlying aandi gradea up in to  th in  a l l t a to n e
-fin e -g ra in e d  aandatone) f a i r ly  c le m  but ao d e ra te ly  f r i a b le )  a tru c tu re le a e )  loaded in to  below
-fin e -g ra in e d  aandatone) aod era tely  f r ia b le )  d i r t y  boeoadng c le a n e r  tow arda the  top ) two tone a 
o f  f lo a t in g  aha la  eh lpa aa ehovfi (eaap lei (*-1964-33)
- Im ln a te d  aha le  w ith  th in  aandatonea grading up in to  a l l t )  to p  bed haa f lu t e  caata  on baae
-fin e -g ra in e d , clean* hard aandatone) vague f l a t  laadnatlona c u t a t  to p  by faatoon croaa lm in e -  
t lo n a
-fine-g ra ined*  c le a n , hard aandatone) vague f l a t  lan in a tio n a  and croaa la n in a tio n a )  loaded a t  baae
-w o ll- la n in a te d  ahale  w ith nuneroua aandy a l l ta to n e )  a il ta to n e a  a ra  g e n e ra l ly  lea a  than  2 ca 
th ic k  and aone ahow croaa la n in a tio n a  and eonvolutlona
S 77 k U )
-fin e -g ra in ed *  clean* hard  aandatona) f l a t  lan in a tio n a  w ith p la n t  d e b rla
- f in e -g ra in e d , clean* hard  aandatonea) a l l  grade up in to  a i l t  end th an  ah a le ) aandatonea g e n e ra lly  
ahow c lia b ln g - r lp p le  e ro ie  lan in a tio n a ) aone aha la  in te rv a le  have t h in  a l l t  In te rb ed a
-fin e -g ra in e d *  c le a n , hard aandatonei both beda ahow f l a t  laad n a tlo n a  m d th in  to  th e  e a a t
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13  78 H (T) - f i n e g r a in e d ,  clean* hard aandatonea) a l l  ahow f l a t  lan in a tio n a  o r  c ro aa  lan in a tio n a  and a nodera te  anount o f  f in e -g ra in ed  p la n t  debrla
- laad n a ted  aha le  w ith  a ll ta to n e  in te rbeda
- f in e  grained* clean* hard  aandatonei a tru c tu re le a a  to  c ro a a - la n in a te d )  gradea a t  to p  to  a i l t
M 60 V (X) - f in e -g ra in ed *  clean* hard  aandatonei f l a t  lan in a tio n a  o v e r la in  by c ro aa  lan in a tio n a )  gradea to
a l l t  a t  top ) nodara te  ano in t o f  f in e -g ra in ed  p la n t  debrla
- f in e  grained* clean* hard  aandatonei vague f l a t  lan in a tio n a}  gradea up  in to  e l l t |  f lu te  a on baae
-fin e -g ra in ed *  clean* hard  am datone) f l a t  la n in a tio n a  o v e r la in  by eonvolu tlona) gradea up to  a i l t
- f in e -g ra in ed* c le m  aandatone) vaguely f l a t -1  animated) e c a t te re d  a h a le  ch ipe n e a r  b o tto a  
- f i n e g r a in e d  aandatona) eonvolutlona with p lm t  debrla
-1  in itia ted  aha la  w ith nuneroua a l l ta to n e  m d aandatone In te rb ed a ) em d a grade up in to  a l l t  m d  
th e  t l l t a  grade up In to  ahale
- f in e -g ra in ed *  f r i a b le  aandatonea) a l l  ahow vague la n in a tio n a  and g rad e  up in to  a i l t  ah ich  in  
tu rn  gradea up In to  ah a le ) the  a i l t  above tha  Iowa a t  bed ahowa a  few f lo a t in g  aha le  chipe) 
to p  th re e  bade a ra  loaded  in to  th e  underlying aha la  (aanp lei 0K-19RL-32)'
- f in e -g ra in ed *  c le m  h a rd  am datcneai both c ro aa -lan in a ted  m d  g rad in g  up in to  c ro aa -lan in a ted  
-fin e -g ra in e d *  f r i a b le  aandatone) vague f l a t  landnatlona) gradea up  i n to  a d i t  
- f in e -g ra in e d  aandatone) f r ia b le  w i th in  heavy l ln o n l te  r l n  on e u rfa c e a i  gradea up in to  H i t  
- Im ln a te d  aha le  w ith t h in  a ll ta to n e  in terbeda
- fin e -g ra in ed *  c lem *  h a rd  aandatone) heavy l ln o n l te  r la*  in  p lae e a  ro ck  l a  f r i a b le  w ith in) 
d iah  a tru c tu re a  In  low er h a lf )  gradea up In to  a l l t  and th en  in to  a h a le  ( a n ^ l a i  0K-19BL-U)
- Im ln a te d  ah a le  w ith  ln tarbedded a t l ta tc o e a )  th le k e a t  a l l t a to n e  ahowa c ro aa  lan in a tio n a  ( I  69 V) 
t h im a r  a il ta to n e a  a re  f le t - lm in a te d
-em d y  a l l ta to n e  w ith  f lo a t in g  aha le  chipe) gradea up in to  aha la
- f in e  g r ain ed * c lem *  hard  aandatone) lm e ln g  (appeare channeled) t o  a  th lc to e a a  o f
about one m t e r i  jdncbea out ceap le te ly  t o  th e  e a a t
- la n ln e to d  ah a le  and a l l t i  a i l t  haa aone f lo a t in g  ahala  ch ipe n e a r  a id d le
- fln a -g ra ln e d  aandatonei a tru c tu re le a a )  w ollK om ntod th e re  th in n e r )  f r i a b l e  in te r n a l ly  w ith a  
heavy l la o n l te  r l a  where th ick e r
- Im ln a te d  aha le  w ith aandatone end a ll ta to n e  in te rb ed a
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- f in e -g ra in e d , d i r t y ,  f r ia b le  sandstonei ahaley  laad n a tlo n a  ana aha le  ehlpa
-laad n a ted  sh a le  and a ll ta to n e  In te rbeda
- e l l te to n e j  f l a t  lam inations! a few f lo a t in g  ah a le  ch ipe
- f in e - r r a ln o d ,  c lean , hard sandstonei a tru c tu re le a a  w ith a few f l a t  l to d n a tio n a  near top  
loaded In to  underlying d i r ty ,  f r i a b le  aandatone
- s i l t s to n e t  f l a t  lan in a tio n a  w ith  th in  ah a le  In te rb ed a
- f in e -g ra in e d , d i r t y ,  aod era tely  f r i a b le  aandatonei few f lo a t in g  ahale  eh lpa n ea r to p
-fin e -g ra in e d , d i r t y ,  m oderstoly f r i a b le  aandatonei a few vague f l a t  lan in a tio n a
- a l te rn a tin g  d i r t y ,  moderately f r ia b le  aandatonea and a l l ta to n e a i  g rad a tio n a l eo n tec ta  a t  top  
o f  sandstones
- f in e -g ra in e d , d i r t y ,  moderately f r i a b le  aandatonei a tru e tu re le a a i  lower p a r t  o f  bed haa f a i r ly  
th le k  l ln o n l te  rim
- f in e g r a in e d ,  d i r t y ,  moderately hard  am d sto n o t lone  log  a l l t y  aone in  upper middle o f  eequeneoi 
to p  bed ahowa vague f l a t  lam lnatlona a t  to p i  g radea  up in to  a i l t  and then  aha la
- f in e -g ra in e d , ao d e ra tely  d i r t y ,  m oderately  h ard  aandatonei f l a t  laa d n a tlo n a i loaded in to  a l l t y  
aha le  below
-f in e -g ra in e d , m oderately c lean , hard  am d a to n e i a tru c tu re le a a
-a l l ta to n e  v i th  ahale  ehlpa in  lower 2 /3 , lam inated  aha la  in  upper 1/3
- f in e -g ra in e d , ao d era te ly  hard aandatonai a tru e tu re le a a i  1 an a lo g | a  few diacontlnuoua p a rtin g  
p lanee i in  two p la c e t  the  lower 3/4 o f t h i e  sequence l a  ex trem ely  c o n to rted  w ith  th a  underlying 
a l l t  and ahale  In trud ing
- f in e -g ra in e d , f a i r l y  c lean , hard aandatonei f l a t  la n in a tlo n a i  gradea up in to  a i l t  and th en  ahale  
- f in e -g ra in e d , d i r t y  aandatonei f l a t  lam in atio n a i a  few ah a le  c h ip e | gradea up in to  a l l t  m d ahala
^ a n d y  a l l ta to n e  |  th re e  tone a o f  f lo a t in g  aha le  ch i p a  aa ahownt f l a t  lam inated w ith d iacontlnuoua 
a l l t  beda n e a r  top
-y in e -g ra ln ed , f a i r l y  c le m , hard aandatonei vague f l a t  lam in atio n a i loaded in to  underly ing  a l l t
-aandy a i l ta to n e t  one aone o f f lo a t in g  ah a le  ch ip e  aa  ahom i a  few th in ,  contlnuoua aha le  beda 
n e a r  top
-fin e -g ra in e d , d i r t y  cm datoneci a l l  th re e  beda ahow f l a t  lam inationa i lo v e r  two bade ahow vary 
amall ahale eh lpa n ea r baeei love a t  bed gradea up In to  a i l t
- f in e -g ra in e d , d i r t y ,  hard aandatonei a tru e tu re le a a i  loaded in to  underly ing  a i l t
- f in e -g ra in e d , f a i r l y  d i r ty ,  hard aandatonei a tru c tu re le a a
saw (r)
- a l l ta to n e  w ith eome f lo a t in g  ahale  ch ipe n e a r  th e  baae
-fin e -g ra in e d , e le a n , hard aandatonei to p  bed ahowa a  few vague f l a t  lam lnatlona  near to p i o th er 
beda a re  a tru e tu re le a a i  a l l  beda ahow a  co n sid e rab le  l a t e r a l  v a r ia tio n  in  th ic k n e ss  mid a re  
eepareted  by th in  a l l t y  ahala aone a
- a l l t y  aone w ith ebundmt ahale ch lp e i aandatone above la  loaded  in to  t h i s  aone and th e  underlying 
aandatonei some channelling  T
-e a rn  aa above| a  few ahale ch ipe a t  baae (aam plai GK-19RL-36)
- f in e -g ra in e d , d i r t y ,  moderately f r i a b le  am d ato n e i a tru c tu re le a a  except f  few vague f l a t  lamina­
t io n s  and p a rt in g  p i  m eet a  few f lo a t in g  ah a la  e h lp a  e  ape c l  a l l y  n e a r  to p i  to p  2 /3  m eter c u t 
o u t to  the  v e s t by c le m , hard aandatone (aa n p le i OK-19RL-33)
- f in e -g ra in e d , d i r t y ,  moderately f r i a b le ,  a l l t y  am datonei f l a t  lam inations o v e rla in  by convolu­
t io n a l  s c a t te re d  ahale  chipe m d f in e  p l m t  d ab rie  
^ ro s e - la m in e te d  aandatona o v e rla in  by lam inated  a i l t  and ahale  
- a l l ta to n e  w ith th in  ahala beda, f lo a t in g  ah a le  ch ip e  and one c la m ,  hard  aandatona 
- f in e -g ra in e d , d i r t y ,  a l l t y  aandatonei aha ley  lam lnatlona n e a r  baae and f lo a t in g  ahale  ch ipe n ea r 
- a l f t s t o n e |  f l a t  lam inated with th in  ah a le  in te rb ed a
- fin e -g ra in e d , d i r t y ,  moderately f r ia b le  sandstone i vague lam inations and convolutions near top 
- s l l t s to n e  with th in  ahale in te rbeda
-fin e -g ra in e d , d i r t y ,  moderately f r i a b le  aandatonei vaguely convoluted! loaded in to  a i l t  below
-fin e -g ra in e d , d i r t y  sandatonesi a tru c tu re le a a  w ith  s i l t y  p a r t in g  p i m e a n e a r  to p  (aamplai 
OK-17.U-34)
- f ln * -g ra in o d , n odara ta ly  d a a n ,  n odara ta ly  hard aandatonai a tn ic tu ro la a a t  f lu to  eaa t*  on th a  
b u «
-Tory th in  bod* o f  am daton* and *111*100*1 n o atly  f la t - l a n in a to d
S 85 W (X) - f in o -g ra in a d *  eloan* hard  *andston**| c lln b ln f- r ip p l*  croa* laa d n a tlo n a  in  lo v o r bod c o n to lu - 
t lo n a  In  upper bod
-v ary  t h in  boda o f  aandaton* and a il ta to n o i  an a tly  fla t* lafcdnatod  
- f ln a -g ra ln e d  om datonai f l a t  lan in a tio n a
- f in a -g ra ln o d , d i r t y  am datonat f l a t  lo d n a tlo n a  lo v a r i  aha la  ch ip *  upper 
- f i n e g r a i ne d , d i r t y  aandatonai conYolutlon* a t  baa*{ ahalo eh lp a  n a a r  to p  
S 68 W (X) - f ln a -g ra ln e d ,  d i r t y ,  o o d ara ta ly  f r i a b le  aandatonai f l a t  la n in a tio n a  e lln b ln c  r ip p le *  
- a l l ta to n *  v i th  f lo a t in g  ahala  ehlpa 
- a l l ta to n *  v i th  h o r lso n ta lly  boddod f lo a t in g  ahala  eh lpa 
- la n ln a to d  a l l ta to n *  w ith  th in  ahala  in tarbada
- f ln a -g ra ln o d , e laan , hard aandatonai a tru c tu ra lo a a t gradaa up I n to  a i l t  
- « l l t a t a n a |  f lo a t in g  ahalo ehlpa n a a r  ba**| diacontlnuoua aha lay  laa d n a tlo n a  n aa r to p
- s t r u c tu r e le s s  tone a t  base o f bed | i r r e g u la r  e ro ie -lam in a lio n a  n a a r  to p  (sam plei CK-20RL-11) 
-e t ru c tu re la e a  ton* a t  b tM | convolutions n aa r to p | shaley  to m  a t  to p  (sam plei CK-20W-16)
-la n a a a  o f  d lahaa grading up in to  tona o f convolu tional bad th ick n aaa  v a ria a  f ro e  35 - 4 0 . c e  
- J  o r  U beda, a l l  h o r la o n ta lly  lam inated w ith  p lan t d e b rla  **
• lo v e r  2 ca  f la t- la m in a te d , f in e -g ra in ed , c lean  aandi o v e rla in  by convoluted lam inations 
f a i r l y  r ic h  In  p la n t  d e b rle  (aanp lei CK-20RL-13)
•lam ina ted  ahala  with th in  aandatona and a l l t  bade 
- f l a t  lam lnatlona w ith f in e  p lan t debrla  o v e rla in  by e roaa lam lnatlona
- f l a t  lam lnatlona o v e rla in  by eroaa lam inations mid convo lu tional f ln a -g ra ln ed  a and, f a i r ly  
r ic h  in  p la n t  d a b rie  (aam plai OK-2DRL-1})
•(eanpln OK-20AL-9)
5 75 b W .c i ia b in g  r lp p la  e roaa-lam lnationa bacoedng convoluted to  th a  e a s t  ( s e r i a l  0K-20RL-12)
- f in e -g ra in e d  c lean  hard aandatonai middle ion# l a  v a r ia b le ,  shoving h o r la o n ta l  lam lnatlona , 
d lah a a , o r  no  s tru c tu ra a  (aamplai 0K-20RL-U,)
- a l t e r n a t in g  s tru c tu re le a a  aonaa and d iah  s tru c tu ra a  
5  70 b  convoluted f l a t  lam lnatlona
• h o r la o n ta l  lam inations o f  p lan t d e b rla . e s p e c ia lly  n aa r base, (sam plei OK-20AL-30)
- f in e -g ra in e d ,  c le a n , hard  sm detooa w ith vague lam inationa i bed l a  p u lled  a p a r t  amdahare i t  la
n o t p re se n t I t  i s  rep laced  by a  th in  s i l t  bed (sim plest 0K-20RI^2J, 2? )^
-^ ln e - j r a ln g J _ y ^ a J o n ^ j  h o r ls o n ta l  f l a t -  m l  wavy-lom lnatlonst moderate amount o f  p la n t  d e b ris
- f i n e g r a in e d  sandstonei a tm c tu ra la a e  to  vaguely f la t - la a d n a te d i  th lek an a  to  about a h a l f  m ater 
t o  th e  v e s t ,  where I t  l a  convoluted mid In  p lac e s  g rades up In to  s i l t  w ith sh a le  chipe 
(sam plei GK-20RU10)
-lam in a ted  aha la  w ith  f l a t  lam inated s l l t s to n e  beds
23 »
- lam in a ted  sh a le  w ith  a  few sandstone and s l l t s t o n e  beds ( th ic k e r  sandstones a re  show )
• n e a r  th a  middle o f  tha  outcrop  i s  a lan s in g  e lem t h a rd  w hite  aandatonai I t  I s  m oderately 
co a rse -g ra in ed  and vaguely c ross-lam inated  (aanp lei OK-20RL-28 A,B,C)
  ■ x - -  (max th le to ie s t  0 .5  m)*a a i ---
•bed  th ic k e n s  to  about a  h a lf  a m ater to  th a  west, where i t  i s  convoluted and gradea up in to  a l l t
- f in e -g ra in e d ,  c le a n , hard  sandstone | s tru c tu re le s s  to  vaguely lam inated
20 dl |  - f in e -g ra in e d ,  c la m ,  hard aandatonai s tru c tu re le s s  to  vaguely lam inated  (sanpleiCS-aOftUW )
- f in e -g ra in e d ,  hard  aandatonei s tru c tu re le s s  sons w ith  p l m t  d a b r ls  a t  base , o v e rla in  by 
f le t - la m ln a tlo n s  and d iah  s tru c tu re s  (aanp lei <X-a0KL*20)
- p l m t  d e b r is  lam inations
- f in e -g ra in e d ,  c la m ,  hard sandstonei f l s t - lm d n s t lo n s  c u t  a t  to p  by sm all fa s to o h s i wavy con­
t a c t  v i th  below (aaap la i 0K-a0U^})
- f i n e g r a i n e d ,  c la m ,  hard smidstona w ith d iah  s tru c tu ra a  mid f le t- la m ln a tlo n s  
(aa a p la i 0K-20U ~ 4) .
-d a rk ,la m in a te d  aha la  w ith ln tarbedded a l l t s ta n a a  and a m idstones ( th ic k e r  sandstones a re  ahoam)
J s  70 b ( r )
- f in e -g ra in e d , c la m ,  hard aandatonei abundant lam inations o f  p l m t  d a b rla i  soma croas-lam lA e- 
t lo n s i  bottom few cm choked w ith p lm t  d a b rla i th lekana  to  th a  west (a m ^ le i  GK-20AL-21 A,B) 
- lam ina ted  sh a le  w ith a l l ta to n e  In terbeda
- fln a -g ra ln e d , c la m ,  hard aandatonai f l a t  lam inations o v e rla in  by convo lu tional soma p lan t tbb rle  
^ h lc k S a H lo ^ h a ^ w s s t  h trd  aandt^on* l *  f,w  vagus lam inations w ith  some p lm t  d e b r i s | bed 





-m oderately d irty *  somewhat f r i a b le  sandstone grading  up in to  a  elayey  t i l l  w ith  sh a le  ehlpo
-m oderately d i r t y  eandstone w ith p lan t d ab ria  'lam ina tions n a a r  baaa
- f i s a l l e  black  ahale w ith a few th in  a i l t  beda
with f lo a t in g  ahale eh lpa near basei non-lam lnnted a l l t  and c lay  In middle] to p  gradea to
-somaiAat fria b le *  d irty *  f in e -g ra in ed  sandstone w ith vague i r r e g u la r  lan in a tio n a  
-sandy a i l t  w ith  ahale eh lpa and p lan t d eb rla  near baae* g rad ing  to  e ia y - ric h  a l l t  n aa r top
-aonewhat f r ia b le *  d irty *  f in e -g ra in ed  smidstone (aanp le i 0K-20RI/-27)
-g ray  to  e rean  colored a i l t  and elayey a i l t  w ith  vague lan in a tio n a
V -eonewhat f r ia b le *  d ir ty *  f in e -g ra in ed  sandstone; a tm c tu ro le a s  w ith  th e  exception  o f  a  few bedding p lm ea* aa show* in  sketch  (samples 0K-20RL-3)
-g ra y  lan in a ted  ahale
-f in e -g ra in ed *  f la t - la n in a te d  am datonei ov erly in g  th in  s i l t y  aone
-fin e -g ra in ed *  dark  gray* w ell-cenanted  aandstonet o ccass io n a l ahaley  len ses  in  upper m iddle| 
abundant eh a le  chipe n ea r base (aaap lai (X-20AL-2)
-sandy s i l t  w ith  ahale  chipe* grading  up in to  clayey  sh a le  |  aone th ick en s to  the  west
-41rty*  brown* fin e -g ra in ed  sandstonei a l l  aone a a re  h ig h ly  v a ria b le  ahowing loading* s o f t  asrllaant 
in tru s io n s  and genera l amalgamation* sometimes invo lv ing  th a  sandy s i l t  abovei to  th e  weat th e  
m iddle 2 /3  o f  the  bed breaks up in to  a  a e rie s  o f  d is c r e te  beda (aamplai 0K-20IL-1 A-4)
N 8J1 V (F)
- fo u r  aandatona beda* a l l  g radedi f in e  sand to  aandy s i l t  t o  s h a le | sandstones d isap p ear to  th e  e a st 
and a re  rep laced  by sa n d y * sllty  c lay  as  below
-massive* poorly  lam inated a ll ty *  sandy c lay
-ddghly v ariab le*  gray-green* d i r t y  aandatonei h ig h ly  v a ria b le  l a t e r a l l y  w ith ahale  lea se e  grediag 
to  bedding p lan esi occass io n al in te rn a l  f lu t e s  ( s a m le t  OX-208L-24)
-lam inated* gray  ahale
S fcfc V (X) - ( s a m p le i  CK-20ftl~26)
V - a l l  sandstones in  t h i s  In te rv a l  separa ted  by lam inated a h a la | a l l  beda show clim bing r ip p le
S 72 W (X) c ro se - la a ln a tlo n s  and moat ahow a  grad ing  up in to  s i l t
V (T ) - ( a a m p la i  OK-30RL-25)
-fin e -g ra in ed *  well-cemanted* q u a rts  aandatonei f l a t  lam lnatlona
-fin e -g ra in ed *  well-cemented* q u a rts  aandatone; g e n e ra lly  f la t-lam in a ted *  some vague croas-lam ina- 
t lo n s  a t  top
-m oderately d irty *  se m i-fr ia b le  sandstcnei grading up in to  s i l t
136
T a b le  A l .  C o r r e l a t i v e  b e d s  and  b ed  s e q u e n c e s  among s e c t i o n s  OK-4 ,
OK-1 9 , and 0K -20. V a lu es  a r e  d i s t a n c e  above b a s e  o f  s e c t i o n  in  m e te r s  
t o  c e n t e r  o f  b e d  o r  t o  to p  an d  b o tto m  o f  se q u e n c e .
I
OK-4 OK-19 CK-20
se q u e n c e  from  7 2 .7 5  t o  7 4 .5  
se q u e n c e  from  65 t o  66 
s e q u e n c e  from  6 3 .7 5  t o  65 
se q u e n c e  from  60 t o  6 3 .7 5  
se q u e n c e  from  57 t o  60
se q u e n c e  from  55 t o  5 6 .5  
t o p  u n i t  6 a t  55 
s e q u e n c e  from  48 t o  4 8 .5  
bed  a t  47
se q u e n c e  from  46 t o  4 6 .5
se q u e n c e  from  7 3 .5  t o  7 6 .5  
se q u e n c e  from  6 5 .7 5  t o  6 7 .2 5  
s e q u e n c e  from  6 4 .5  t o  6 5 .7 5  
se q u e n c e  fro m  61 t o  6 4 .5  
s e q u e n c e  from  58 t o  61
se q u e n c e  from  5 6 .5  t o  5 7 .5  
t o p  u n i t  6 a t  5 6 .5  
s e q u e n c e  from  49 t o  4 9 .5  
bed  a t  48
se q u e n c e  from  47 t o  4 7 .5
t o p  u n i t  5 a t  46 
t o p  u n i t  4 a t  41 
bed  a t  4 0 .5  
bed  a t  3 9 .5  
bed  a t  3 6 .5
se q u e n c e  from  35 t o  36 
t o p  u n i t  3 a t  3 3 .5  
se q u e n c e  from  1 9 .7 5  t o  2 0 .5
t o p  u n i t  5 a t  4 5 .7 5  
t o p  u n i t  4 a t  43 
bed  a t  4 2 .7 5  
bed  a t  42 
bed  a t  39
se q u e n c e  from  3 7 .2 5  t o  3 8 .2 5  
t o p  u n i t  3 a t  32 
se q u e n c e  from  21  t o  22 se q u e n c e  from  2 7 .5  t o  2 8 .5
bed a t 2 0 .7 5 bed a t 2 7 .5
bed a t 1 9 .7 5 bed a t 2 6 .2 5
*
bed a t 19 bed a t 2 5 .5
bed a t 18 bed a t 1 8 .2 5 bed a t 24
bed a t 1 7 .7 5 bed a t 2 3 .7 5
bed a t 1 7 .2 5 bed a t 23
bed a t 1 3 .5 bed a t 1 2 .7 5 bed a t 19
bed a t 1 2 .5 bed a t 12 bed a t 18
t o p u n i t  2 a t  6 .5 to p u n i t  2 a t  7 to p u n i t  2 a t
bed a t 6 .2 5 bed a t 6 bed a t 12
t o p u n i t  1 a t
F ig u r e s  A l, A2, and  A3. V e r t i c a l  v a r i a t i o n s  i n  bed th i c k n e s s  
i n  s e c t i o n s  QK-4, GK-19 and  (SC-20, r e s p e c t i v e l y .  O b s e rv a t io n s  
a r e  a v e ra g e d  o v e r  o n e -m e te r  i n t e r v a l s  and p l o t t e d  a s  a  f u n c t i o n  
o f  d i s t a n c e  ab o v e  t h e  b a s e  ( o r d in a t e )  and a v e ra g e  bed  t h i c k n e s s  
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M E T E R S
SECTION O K-20
Figure A-3
F ig u r e s  A4, A5, and  A6 . V e r t i c a l  v a r i a t i o n s  i n  c u r r e n t  d i r e c ­
t i o n  a s  m easu red  from  c r o s s - l a m i n a t i o n s ,  f l u t e  c a s t s ,  and t o o l  
m arks i n  s e c t i o n s  OK-4, OK-19, and GK-20 r e s p e c t i v e l y .  O b se rv a­
t i o n s  a r e  a v e ra g e  o v e r  o n e -m e te r  i n t e r v a l s  and  p l o t t e d  a s  a 
f u n c t i o n  o f  d i s t a n c e  above b a se  ( o r d in a t e )  and  t h e  a z im u th  o f  
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F ig u r e s  A7, A8 , and A9. V e r t i c a l  v a r i a t i o n s  i n  mean g r a i n  
s i z e  from  t h i n  s e c t i o n  a n a ly s e s  i n  s e c t i o n s  OK-4, OK-19, and 
OK-20, r e s p e c t i v e l y .  O b s e rv a tio n s  a re  a v e ra g e d  o v e r  o n e -  
m e te r  i n t e r v a l s  and p l o t t e d  a s  a f u n c t i o n  o f  t h e  d i s t a n c e  






























































SECTION OK- 2 0
Figure A-9
F ig u r e s  A10, A l l ,  and  A12. V e r t i c a l  v a r i a t i o n s  i n  m a tr ix  
c o n te n t  from  t h i n  s e c t i o n  a n a ly s e s  i n  s e c t i o n s  OK-4, OK-19 , 
and 0K -20, r e s p e c t i v e l y .  O b s e rv a t io n s  a r e  a v e ra g e  o v e r  o n e -  
m e te r  i n t e r v a l s  and  p l o t t e d  a s  a f u n c t i o n  o f  d i s t a n c e  above 
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F ig u r e s  A13, A14, and A15. V e r t i c a l  v a r i a t i o n s  i n  b a s a l  Bouma 
d i v i s i o n s  o f  sam pled  t u r b i d i t e s  f o r  s e c t i o n s  OK-4, OK-19, and 
OK-20, r e s p e c t i v e l y .  O b s e rv a t io n s  a r e  a v e ra g e d  o v e r  o n e -m e te r  
i n t e r v a l s  and p l o t t e d  a s  a  f u n c t i o n  o f  d i s t a n c e  above  b a se  
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DIV IS IO NS
F ig u r e  A-15
A p p en d ix  B. T a b le s ,  by m easu red  s e c t i o n ,  show ing b e d d in g  ty p e  and 
l o c a t i o n  o f  c o l l e c t e d  s a m p le s . T e x tu r a l  d a t a ,  w here g iv e n ,  a r e  from  
t h i n  s e c t i o n  p o in t  c o u n ts  o f  a  minimum o f  100 p o i n t s .

























M e te rs  A bove’ Bed
S e c t io n  B ase Type
0 6
















6 5 .5  6
64 6
5 8 .5  6
5 6 .5  1
55 2
Mean G ra in  










S td .  Dev. 
0
P e rc e n t









1 5 .0  same bed  a s  13
f i n e r  g r a in e d  th a n  12
8.1
shows B & C Bouma 
d i v i s i o n s  
shows B & C Bouma 
d i v i s i o n s
2 3 .3  t h i n  s e c t i o n  from
bed to p
p l a n a r  la m s , w ith  
p l a n t  d e b r i s  
5 .7  t h i n  s e c t i o n  from
b ed  t o p  
F ig u r e  17
d i s h e s  on c r o s s - la m s .  
6 .6  A d i v i s i o n  o f
t u r b i d i t e  
F ig u re  10a 
1 3 .7  conv . c l .  r i p p l e s
1 2 .9  F ig u re  26b
3 1 .9
c l .  r i p p l e  c r o s s - la m s .  
B & C d i v i s i o n  w ith  
co n v . la m s .
F ig u r e  6
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M e te rs  Above Bed
S e c t io n  B ase  Type
5 1 .5  2
5 5 .5  6 
6
13 1
1 2 .5  1
16 2
18 4
1 9 .5  2
1 9 .5  2
4 6 .5  6
7 4 .5  6
6 1 .5  6
6 1 .5  ?
Mean G ra in  










1. Dev. P e rc e n t
0 M a tr ix Comments
0 .8 5 1 9 .3 c l .  r i p p l e s  w ith  
conv . la m s , 
v e ry  f r i a b l e ,  d i r t y  
f r i a b l e , d i r t y
1 .1 2 1 9 .8 c l .  r i p p l e  c r o s s -  
la m s .
0 .7 2 1 7 .6 p la n a r  la m s .
B-C d i v i s i o n  w ith  
t y p  B s e c .  la m s .
0 .6 6 2 0 .7 t h i n  s e c .  from  u p p e r  
p a r t  o f  bed
0 .6 8 1 7 .4 t h i n  s e c .  fro m  m id d le  
o f  b ed ; F ig u re  24b
0 .6 9 1 5 .8 conv . c r o s s - la m s .
0 .7 5 2 0 .5 conv . c r o s s - la m s ,  
w ith  f l .  s h .  c h ip s ;  
F ig u re  
F ig u re
1 .1 8 3 0 .8 mod. f r i a b l e
0 .8 6 2 3 .1 s m a l l  sam p le  from  
w i th in  c h a n n e l
Table B2. Samples from measured section OK-29.
Sam ple M e te rs  Above Bed




OK—19RL-4 3 6 .5 3
0K-19RL-5 37 3
0K-19RL-6 37 1
0K-19RL-7 3 7 .5 3
0K-19RL-8 39 3
OK-19RL-9 40 2
0K-19RL-10 4 2 .5 1
0K-19RL-11 48 4
0K-19RL-12 3 3 .5 2
0K-19RL-13 2 8 .5 1








Mean G ra in  






2 .5 0  
2.68
2 .5 1
S td .  Dev. P e r c e n t









t h i n  zone  e q u iv .  t o  2 
show s ty p e  C c o n v s . 
F ig u r e s  13 , 19
same a s  5 m id d le  o f  b ed  
F ig u r e  15C
to p  o f  bed  w / p i .  lam s.
2 6 .5  p i .  lam s.
sam p le  from  m id d le  o f  
b e d ; p i .  la m s , 
sam p le  from  m id d le  o f  
b ed ; F ig u r e  14 .
B & C d i v i s i o n s  
d i s h  s t r u c t u r e s
1 9 .3  v .  r i c h  i n  p l a n t  d e b r i s  
B & C d i v i s i o n s
B 8c C d i v i s i o n s  
9 .6  B & C d i v i s i o n s
ty p e  B co n v . la m s .
1 0 .4  A & B d i v i s i o n s
1 1 .9  t h i n  s e c t i o n ;  c r o s s -  
lam . to p  o f  b ed
4 .8  t h i n  s e c t i o n ;  p i .  lam .
m id d le  o f  bed
1 8 .9  t h i n  s e c t i o n ;  c r o s s -  
lam . b a s e
6 .4  u p p e r  p a r t  p i .  la m s ,
th ro u g h o u t
Table B2. Samples from measured section OK-19 - Continued.
Sam ple M e te rs  Above Bed Mean G ra in S td .  Dev. P e rc e n t
Number S e c t io n  B ase Type S iz e  0 0 M a tr ix Comments
0K-19RL-19 1 2 .6 8 0 .6 7 1 4 .5 lo w e r  p a r t  o f  bed
OK-19RL-20 13 2 2 .9 5 0 .5 8 1 6 .4 u p p e r  p i .  lam s; ty p e  B
co n v .
OK-19RL-20 2 .6 6 0 .7 2 9 .6 A d i v i s i o n  w i th  d i s h e s
F ig u r e  12a
0K-19RL-21 1 3 .5 1 F ig u r e  2 1 a
0K-19RL-22 15 1 B-C d i v i s i o n s
0K-19RL-23 1 7 .5 1 B-C d i v i s i o n s
0K-19RL-24 18 3 2 .8 5 0 .6 8 1 1 .2 u p p e r ; p i .  lam . zone
0K -19RL-24 3 .0 4 0 .5 7 1 6 .4 m id d le ; d i s h  s t r u c t u r e
zone ^
0K-19RL-24 3 .2 2 0 .5 8 8 .8 lo w e r; s t r u c t u r e l e s s
zone
OK-19RL-25 19 1 3 .2 5 0 .6 5 1 8 .3 u p p e r ;  c r o s s - l a m s . ;
- F ig u r e  21b
0K-19RL-25 2 .7 2 0 .6 9 7 .2 lo w e r; s t r u c t u r e l e s s
zone
0K-19RL-26 20 2 F ig u r e  10
0K-19RL-27 2 0 .5 2 3 .4 3 0 .6 1 2 2 .6 e a s t e r n  sam p le ; A-2
\ co n v . lam s.
0K-19RL-27 3 .3 6 0 .5 9 1 6 .1 w e s te rn  sam p le
0K-19RL-28 2 1 .5 2 3 .1 7 0 .6 5 1 5 .1 e a s t e r n  sam p le ; A-2
co n v . lam s.
0K-19RL-28 3 .3 3 0 .6 2 2 0 .7 w e s te rn  sam p le ; u p p e r
p a r t
0K-19RL-28 2 .9 1 0 .4 9 1 8 .0 w e s te rn  sam p le ; lo w e r
p a r t
0K-19RL-29 22 2 2 .8 7 0 .5 0 1 8 .4 e a s t e r n  sam p le ; c r o s s -
la m s , and  d i s h e s
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Table B2. Samples from measured section OK-19 - Continued.
Sam ple M e te rs  Above Bed





OK-19RL-30 20  1
0K-19RL-31 42 1
0K-19RL-32 5 0 .5  6
0K-19RL-33 5 6 .5  6
0K-19RL-34 59 6
0K -19RL-35 62 6
0K-19RL-36 62 6
Mean G ra in  S td .  D ev. P e r c e n t  
S iz e  0 0  M a tr ix
2 .8 2  0 .5 1  1 6 .9
2 .6 4  0 .6 0  1 2 .9
2 .8 0  0 .6 0  2 9 .8
2 .4 1  0 .7 7  1 7 .8
Comments
e a s t e r n  sam p le ; m id d le ; 
p i .  lam s.
e a s t e r n  sam p le ; lo w er; 
p i .  la m s .
w e s te rn  sam p le ; u p p e r ; 
d i s h e s
w e s te rn  sam p le ; lo w e r 
d i s h e s ;  F ig u r e  29 
c r o s s - la m s ,  th ro u g h o u t
f r i a b l e
v ag u e  h o r i z o n t a l  lam s, 
mod. f r i a b l e  
s h a le  c h ip s
05
03
Table B3. Samples from measured section OK-20.
Sam ple M e te rs  Above Bed















2 5 .5 2
OK-20RL-13 26 2
OK-20RL-14 25 4








Mean G ra in  
S iz e  0
2 .3 8











S td .  Dev. 
0
P e r c e n t













2 4 .4  to p  o f  b ed ; d i s h e s  
th ro u g h o u t
1 4 .9  b a s e  o f  b ed
2 3 .4  F ig u r e  2 6 a  
F ig u r e  2 6 a  
F ig u r e  15d 
F ig u r e  18b
1 7 .4  same b ed  a s  7 ; p i .  lam s.
3 0 .8  u p p e r  h a l f  o f  b ed ;
c r o s s - la m s .
2 5 .2  u p p e r  p a r t  o f  b ed ; 
F ig u r e s  7 , 11 , 12b , 15c
1 2 .2  lo w e r  p a r t  o f  b ed  
c r o s s - la m s .
2 1 .5  u p p e r  p a r t  o f  bed
1 8 .1  lo w e r p a r t  o f  b ed ;
F ig u r e  18a 
F ig u r e s  8 and 20 
F ig u r e s  16b and  2 4 a
1 9 .4  ty p e  A-2 co n v . la m s , 
p i .  and c r o s s - la m s ,  
w i th  d i s h e s  
F ig u r e  2 3 a
F ig u re  23b 
B & C d i v i s i o n
1 0 .6  u p p e r  p a r t  o f  sam p le
1 0 .4  lo w e r p a r t  o f  sam p le ;
F ig u r e  22
164
Table B3. Samples from measured section OK-20 - Continued.
Sam ple M e te rs  Above Bed Mean G ra in S td .  Dev. P e r c e n t
Number S e c t io n  B ase Type S iz e  0 0 M a tr ix Comments
OK-20RL-21 16 1 2 .6 7 0 .6 3 1 4 .9 c r o s s - la m s ;  u p p e r
OK-20RL-21 2 .6 1 0 .6 1 9 .3 p l a n a r  la m s , m id d le  
F ig u r e  9 -
OK-20RL-21 2 .6 8 0 .5 8 9 .9 c r o s s - la m s ,  lo w e r
0K-20RL-23 2 4 .5 2 4 .6 6 0 .6 9 2 7 .2 Type A co n v . la m s , 
e q u iv .  t o  29
OK-20RL-24 3 5 3 .6 9 1 .1 4 3 2 .0 u p p e r  p a r t  o f  bed
0K-20RL-24 3 .6 5 1 .1 0 3 0 .4 lo w e r p a r t  o f  bed
0K-20RL-25 1 1 c r o s s - la m s ,  th ro u g h o u t
0K-20RL-26 2 1 c r o s s - la m s ,  th ro u g h o u t
0K-20RL-27 12 6 / v ag u e  h o r i z .  la m s .
OK-20RL-28 2 1 .5 1 1 .8 1 0 .6 6 8 .8 t h i n  p a r t  o f  l e n s in g  
b ed
OK-20RL-28 1 .6 9 0 .5 6 4 .9 t h i c k  p a r t  o f  bed ; 
c r o s s - la m s .
OK-20RL-29 2 4 .5 5 2 .9 8 0 .6 4 1 4 .6 F ig u r e  29
OK-20RL-30 2 4 .5 2 ty p e  A-2 co n v . lam s.
o v e r  p i .  lam s.
\ oat
VITA
R o b e r t D av id  L o P ic c o lo  was b o rn  on May 2 1 , 1947, in  B a l t im o re ,  
M a ry la n d , t h e  son  o f  R o b e rt C ro ce  L o P ic c o lo  and  R o ssa  R e c h tin  L o P ic c o lo .  
He w as r a i s e d  in  D ay to n , O h io , and B e l lb r o o k ,  O hio , w here  h e  a t t e n d e d  
p r im a ry  s c h o o l .  In  1965 h e  g r a d u a te d  fro m  B e l lb ro o k  H igh S ch o o l and  
e n t e r e d  O hio  U n iv e r s i t y  t h e  f o l lo w in g  f a l l .  He r e c e iv e d  a  B .S . d e g re e  
in  g e o lo g y  from  O hio U n iv e r s i ty  in  1969 and  t h a t  y e a r  beg an  g r a d u a te  
s t u d i e s  a t  W e s te rn  M ich igan  U n iv e r s i t y ,  fro m  w hich  h e  r e c e iv e d  an M.A. 
in  g e o lo g y  in  1972 . In  1971 h e  began  a  P h .D . p rog ram  a t  L o u is ia n a  
S t a t e  U n iv e r s i t y  and  g r a d u a te d  in  May o f  1977 . In  1974 h e  a c c e p te d  a  
p o s i t i o n  a s  an e x p l o r a t i o n  g e o l o g i s t  w i th  A t l a n t i c  R ic h f i e ld  Company and 
was s u b s e q u e n t ly  p ro m o te d , i n  1975, t o  r e s e a r c h  g e o l o g i s t .
In  1970 R o b e r t  m a r r ie d  G ay le  M ich ik o  N i i ,  d a u g h te r  o f  M inoru  and  
F lo r e n c e  N i i ,  o f  W aian ae , H a w a ii. R o b e r t  and  G ay le  h av e  one d a u g h te r ,  
D ia n e  M ich ik o  L o P ic c o lo , b o rn  November 2 3 , 1975.
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